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[57] ABSTRACT 

A convergent spray gun which combines a liquid resin and 
dry metallic powder externally of the nozzle of the spray gun 
that utilizes a pair of diametrically opposing passages dis- 
posed al 0° and 90° relative to the central resin discharging 
orifice where the central orifice is approximately 0.015 inch 
and the air for atomizing the fluids is approximately 0.187 
inch and the atomizing angle is approximately 180°. The 
metallic filler is added to the plume of the convergent spray 
at the low pressure section and the ratio of the fluids are 
controlled by a computerized system. The spray gun, con- 
trols and mixing chambers of the resin (two part) and 
powder fillers are housed in separate rooms and the dust 
where the powder fillers are metered is controlled. 

3 Claims, 4 Drawing Sheets 
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METHOD FOR APPLYING METAL-FILLED 
SOLVENTLESS RESIN COATING 

This application is a division of application Ser. No. 
08/990,209, filed Dec. 13, 1997, now U.S. Pat. No. 5,964, 
418. 

TECHNICAL FIELD 

This invention relates to apparatus and method of apply- 
ing coatings to a substrate and particularly to the apparatus 
and method for coating a substrate with highly metallic 
powdered-filled solventless resins. 

BACKGROUND OF THE INVENTION 

As is well known in the spray coating technology the 
heretofore known spray application equipment for coating 
substrates with conventional high solids have transfer effi- 
ciencies that are less than 50% which results in excessive 
loss of materials, solvents and time. Of significance in this 
technology is the ecological standards that one must con- 
sider since the impact on the quantities of materials, solvents 
and volatile organic compounds that are released into the 
atmosphere are not only a major concern of the caring 
individuals but must comply with the Occupational Safety 
and Health Administration (OSHA) and the Environment 
Protection Agency (EPA) requirements. Moreover, the cur- 
rent conventional coating systems presents a myriad of 
problems including, but not limited to, safety to the 
operators, environmental hazards, high costs and difficulties 
encountered when attempting to apply the coating. 

There has always been a need for a high solid coating 
system that would coat the substrate with solids that would 
be between 5-10 mils thick in one pass without the necessity 
of a solvent. 

We have found that we can provide a uniquely designed 
spray apparatus and method of applying the spray to the 
substrate while obtaining substantially 100% solids. The 
convergent spray technique of this invention will not only 
obviate the problems alluded to in the above paragraph but 
will eliminate the use of hazardous materials that would 
otherwise be used. It is contemplated by this invention to use 
a forced air stream to introduce the dry metallic filler 
material into a wet resin stream where it is convergently 
combined with the resin components. This invention con- 
templates utilizing a spray nozzle and system that is similar 
to that disclosed in U.S. Pat. No. 5,565,241 granted on Oct. 
15, 1996 to Mathias et al of which Jack G. Scarpa, is a 
common co-inventor, entitled "Convergent End-Effector" 
and U.S Pat. No. 5,307,992 granted on May 3, 1994 to Hall 
et al of which Jack G. Scarpa is a common co-inventor, 
entitled "Method and System For Coating A Substrate With 
A Reinforced Resin Matrix" both of which are commonly 
assigned to USBI Co., and which are incorporated herein by 
reference. As stated in the U.S. Pat. Nos. 5,565,241 and 
5,307,992 patents, supra, the apparatus for applying the 
coating of reinforced resins matrix to a substrate is a spray 
nozzle that includes a centrally disposed orifice and a 
plurality of circumferentially spaced orifice(s) surrounding 
the center orifice for creating an atomizing zone. Included 
are other orifices radially spaced outwardly from these 
orifices which are used for shaping the spray. Reinforcing 
material is introduced to the resin through the aft end of an 
encircling chamber or manifold that surrounds the spray 
nozzle and is designed to feed the reinforcing material to the 
liquid resin. Pneumatic eductor lines for conducting com- 
pressed air are utilized to transport the materials to the 
substrate. 
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The present invention modifies the circumferential air 
atomization cap of heretofore known spray nozzle to include 
a central orifice that measures approximately 0.187 in diam- 
eter and includes an atomization angle of 90°. The filler is 
s concentrated into two distinct streams thus eliminating the 
buildup of the material on the surfaces and crevices of the 
spray applicator and transfer lines. This will result in 
enhanced transfer efficiencies and a more consistent finish of 
the coating on the substrate surface. The method employed 
10 utilizes a hopper and gravity fed loss-in-weight feed system 
under control into an eductor manifold system that trans- 
ports the filler material through two separate streams prior to 
arrival at the spray applicator. A constant dry filler to liquid 
resin ratio assures a consistently applied coating. 
15 By controlling the amounts and rates of resin and dry 
metallic filler and the proper ratios for coating selected 
surfaces, the entire system delivers, meters and mixes these 
materials only on demand of the convergent applicator with 
a consequential elimination of the requirement to pre-mix 
20 the coating formulations. This convergent spraying tech- 
nique for dry fillers and resins provide a uniform control- 
lable coating and if desired, this invention contemplates the 
option of heating the separate resins (when two or more 
resins are utilized) so as to accelerate the gel times of the 
25 sprayed materials. This optional method enhances the coat- 
ing since it allows for a uniform buildup of the coating. 

This invention has been particularly efficacious for sol- 
vent less application of Mag Ram type of coatings (stealth 
applications) and highly filled zinc or other metallic fillers 
30 for corrosion resistance. 

The system and spay nozzle of this invention also pro- 
vides the following improvements, although not limited 
thereto, over the heretofore known system: 
35 This system is compatible with epoxy, polyurethane, 
silicate water base or 100% solid resin systems; 
This system has the ability to more accurately control 

thickness of applied coating; 
This system has the ability to control the dimensions of 
40 surface area to be coated; 

This system has the ability to control both filler and resin 

material independently; 
The system reduces the number of required passed to 
attain a desired thickness of the coating in contrast to 
45 solvent borne systems; 

This system reduces waste and hazardous materials; 
This system has the propensity of reducing of time 
required to apply coating, reducing the time to test 
5Q MagRam properties of coatings, and reduces solvents 
(VOC's) to apply zinc rich coatings; and 
This system optimizes the loading capabilities by allow- 
ing the loading to be between 0% — a high of over 90%. 
This is also dependent upon resin and atomization 
55 characteristics of resin compenents. 

DISCLOSURE OF THE INVENTION 

An object of this invention is to provide improved spray 
nozzle apparatus for applying metal filled coatings to a 
60 surface of a substrate. 

Another object of this invention is to provide spray nozzle 
apparatus that is capable of achieving a solution that is 100% 
solids and applying a substantially thick coating without the 
use of solvents and the thickness could range as much as 
65 5-10 mils in one pass. 

A feature of this invention is a convergent spray applicator 
utilized forced air stream to introduce the dry metallic filler 
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into the wet resin stream where it is convergently combined sprayed on the surface of the substrate. In the preferred 
with the resin components. Two distinct streams are utilized embodiment the system is automated and computer con- 
for the concentrated dry filler that eliminate the buildup of trolled utilizing the requisite pumps, valves, actuators, sen- 
material on the surfaces and crevices of the spray applicator sors and robotics to position the spray nozzle relative to the 
and the attendant transfer lines. This system is characterized s substrate. It being understood that this invention can be 
as affording the advantages enumerated in the above para- practiced without the utilization of automation, 
graphs. T° c invention can best be understood by referring to all 

The method of applying the coating is transporting the n< f, S - where FIG 1 shows the convergent spray nozzle 

filler material through two separate lines by a manifold t™**^ illustrated by reference numeral 10 as having a 

controlled loss-in-weight a volume feed system that is io cylindrical housing 12 including ; the . an -cap 14 supporting 

gravity fed from a hopper containing the filler material. The ,he tu ^ ular f«m conveying member 16 The spray nozzle 10 

system maintains a constant dry filler to liquid resin ratio to ™l * • sultabl J e commercially available nozzle that is 

assure a consistently applied coating. modlfi ' d m a«ordance with this invention, a suitable com- 

7 „ , mercially available nozzle can be the spray nozzles manu- 

A feature of this invention is the arrangement of the factured b Binks , oca(ed iQ Franklin park ,„ ^ resjn 

various components of the convergent process system by conveying member 16 includes a centraUy disposed dis . 

designating certain components of the process and assigning ch Qriflce 18 fof injecti , he u id resin in , 0 , he 

them in separate rooms or areas and controlling the mixing ailstr eam created by the annular orifice 20 surrounding the 

of the components of the coating in a dust free separate room cemral Qrifice 16 The oriflces 

are designed to provide an 

and utilizing robotics to position the spray gun and a control alomized convergcnl s ray in much thc samc manner as that 

system remotely located from the spray booth housing the djsclosed in the v s Pat No 5,555,241 patent, supra. For 

spray gun and substrate. &rther dctail$ of (he spfay nQZzle referencc should be made 

Another feature of this invention is the method of coating t 0 this patent. Suffice it to say that instead of the surrounding 

utilizing a metallic powder filler combined with a liquid circumferentially spaced individual orifices for injecting the 

resin at the exterior of a convergent spray coating nozzle of 25 au - f or atomization purposes this nozzle is configured to 

the spray gun prior to the application of the coating on a include the annular orifice 20 (FIG. 3) judiciously sized to 

substrate. substantially equal 0.187 inch. The orifice 18 is preferably 

The foregoing and other features of the present invention sized to equal substantially 0.015 inch. As one skilled in the 

will become more apparent from the following description art will appreciate, the sizes of the orifices and their orien- 

and accompanying drawings. 30 tation relative to each other are important aspects of this 

invention since it is necessary to achieve satisfactory mixing 

BRIEF DESCRIPTION OF THE DRAWINGS of the ingredients prior to the application on the substrate. 

FIG. 1 is a view in perspective illustrating the convergent ^ passage 22 (FIG. 3) in the air cap is contoured so that 

spray nozzle of this invention; ' lhe surface 24 defines an an 8 le 50 that the air bein 8 dis " 

™~ ^ . 1 1 • ■ mi * *• *u 15 charged from orifice 20 may be between 20 degrees(°)~90 o 

FIG. 2 is a partial elevation view in section illustrating the * ^ £ ^ ^ ^ 

tavention COnver S eDtS P ray n0Zzle ° f thlS is substantially equal to 90" taken through any vertical plane 

' and is centrally oriented with the discharge from the orifice 

FIG. 3 is a top down plan view of the front end of the lg ^ provides tfae proper converg ence and assures that 

spray nozzle illustrated in FIG. 2; ^ the phime of the liquid resin wnen atomiz ed takes the shape 

FIG. 4 is a schematic of the atomization air cap of the indicated by the plume 26. 

spray nozzle of FIG. 2 illustrating the relationship of the M will be more mlly explained herein below, it is 

resin and powder feed lines and coating mixture just prior to abundantly important that the powder injected into the resin 

application on the substrate surface; and becomes completely wetted and homogeneous with the resin 

FIG. 5 is a schematic partly in block diagrammatic 45 to assure a uniform and consistent finish of the coating on 

illustration of the system utilized in proportioning the mate- the substrate surface. As is disclosed in the U.S. Pat. No. 

rials utilized in the coating, transporting the materials and 5,565,241 patent, supra, the liquid resin is fed to the dis- 

the controls therefore. charge orifice 18 where it is combined with the air to form 

These figures merely serve to further clarify and illustrate an atomized spray. In the event more than one resin is 

the present invention and are not intended to limit the scope 50 desired a second resin or other constituents may be mixed 

thereof. immediately prior to being admitted into the spray nozzle. 

Obviously, the exact sizing of the orifices 18 and 20 will be 

BEST MODE FOR CARRYING OUT THE predicated on the particular resins selected and the desired 

INVENTION droplet size and pressure necessary to perform the desired 

While this invention shows in the preferred embodiment 55 mixing to achieve the homogeneous mixture. In the pre- 

the spray nozzle apparatus and system for coating the ferred embodiment the viscosity of the liquid resin should be 

substrate with Mag Ram or Zinc it is to be understood that in the 1,000 to 5,000 centipoise (cps) range. In fact, the 

other metallic material for coating the substrate can be particular parameters for achieving the desired coating is 

utilized without departing from the scope of this invention. within the purview of one skilled in this art, recognizing the 

Also, it is noted that although these materials are described 60 diameter sizes indicated in the above paragraph of orifices 

as being utilized for radar adsorption and corrosion appli- 18 and 20 are the preferred. The viscosity may also be 

cations this invention contemplates that other materials may controlled by applying heat thereto in a well known manner, 

be used for these purposes and for other purposes. As one In accordance with this invention the fine metallic powder 

skilled in this technology will appreciate, this invention is is introduced to the liquid resin by two judiciously oriented 

directed to introduce dry metallic filler into the wet resin 65 streams 28 and 30 (FIG. 4) feeding judiciously oriented 

downstream of the nozzle's orifices where it is convergently discharge orifices 32 and 34, respectively. The filler material 

combined with the resin components just prior to being that is transported by the air stream as will be explained in 
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more detail hereinbelow is judiciously angled relative to the 
plume of the resin and introduced to the plume at a given 
location as shown in the Figs, in order to achieve the desired 
uniformity and consistency of the coating. The diametrically 
disposed discharge orifices 32 and 34 are at 0° and 180°, 5 
respectively, The parameters for the discharge orifices 32 
and 34 will be predicated on a number of parameters, such 
as transport air pressure, particle sizes, density, type of 
material, etc. that are within the skilled artisan. What is of 
the utmost importance is that the passages 28 and 30 and the 10 
respective orifices 32 and 34 are oriented to introduce the 
filler at the low pressure point of the plume so that these two 
streams will eliminate the buildup of the material on sur- 
faces and crevices of the spray applicator and the attendant 
transfer lines while assuring the consistent finish of the 15 
coating on the substrate surface. 

As alluded to in the above paragraphs, this invention 
contemplates maintaining a constant dry filler to liquid resin 
ratio to assure a consistently applied coating. As will be 
detailed herein below the system delivers, meters and mixes 2 o 
the required materials in proper ratios to attain the proper 
amounts and rates of material only on demand of the 
convergent applicator. This will result in a system that 
eliminates the requirement to pre-mix the coating formula- 
tion. This system is describe in connection with FIG. 4 2 s 
which indicates that the process is best achieved by sepa- 
rating certain functions of the system in three distinct rooms 
or areas which consist of the control room 40, the mixing 
room 42 and the spray booth 44 (FIG. 5). 

The entire process is controlled by a suitable general 30 
purpose computer generally illustrated by reference numeral 
46 which is suitably programmed by any skilled program- 
mer to generate the desired signals to attain the proper flows 
and ratios and should include, but not necessarily required, 
a recorder 48 to obtain a read out of the activities of the 35 
process, and a PLC process control 50. The processor 
includes suitable control mechanism for controlling the 
various components as represented by box 54, such as the 
gun trigger, solvent flush, air transports, dry powder and 
resins via the various solenoid control valves in the system. 40 
The process control also monitors the amounts for the 
various materials and in a well known manner processes a 
hard read out copy. In applications where heat is applied the 
control room 40 would house the suitable relays 56 for 
actuating the desired heating elements (not shown) but 45 
would be of the type described in the U.S. Pat. No. 5,565, 
241 patent, supra. 

As noted in FIG. 5 the computer 46 in the control room 
40 serves to control the rates of flow of the dry powder by 
actuating the eductors 51 and 53 in the mixing room 42 and 50 
the air compressor 58 in the control room 40. The eductors 
are a loss-in-weight feed system of the type that is described 
in the U.S. Pat. No. 5,565,241 patent, supra. Obviously, the 
dry powder system includes a hopper for the fine particle 
fillers and serve to maintains a constant volume or weight of 55 
powder by replacing the amounts that are being utilized by 
the spray applicator which are transported thereto by the 
relatively low air pressure lines 60 and 62. Each eductor 51 
and 53 are connected to the air lines 60 and 62 and receive 
the compressed air from pump 58 via line 66 and branch line 60 
68. The resin which may include a catalyst is metered to the 
spray nozzle by the flow metering valves 70 and 72 which 
are controlled by the computer 46 in order to maintain the 
proper amounts and proper ratio relative to the powder filler. 
The resin and catalyst which are contained in vats are 65 
proportioned by a suitable proportioner 74 and pumped to 
the spray nozzle via pumps 76 and 78 and delivered to the 
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spray nozzle via flow lines 80 and 82. A purging system may 
be included in order to clean the nozzle at appropriate times. 
The dust content of the mixing room that contains the 
eductors, loss-in-weight feed system and supply of the resin 
components and filler material is controlled to assure that the 
coating is free of foreign matter so as not to contaminate the 
finished coating. 

The spray gun which is isolated in the spray booth, may 
be robolically operated by asuitable robot such as the GMF 
robot which is controlled by the robot controller in a well 
known manner. 

The following is an example of a the inventive method 
utilizing the inventive spray nozzle for applying a high solid 
coating with more than 90% metal filled applied to the 
substrate surface to obtain a coating thickness of substan- 
tially between 5-10 mil in one pass. It will be noted that the 
filler is transported to the gun and mixed with the liquid resin 
at the discharge end of the spray nozzle without the use of 
any solvents. While this example is presented to illustrate 
the process of coating a substrate with particular materials, 
it is to be understood that this example is not to be inter- 
preted as being a limitation of the scope of this invention. 

EXAMPLE 

1. Iron type powder is transferred pneumatically through 
two (2)H inch inside diameter Teflon coated hoses and 
combined with a two (2) part polyurethane epoxy system 
using the convergent spray technology of this invention to 
create a uniform, ten (10) mil thick coating. 

2. The iron powder is delivered to the two (2) eductors using 
vibratory feeders which accurately control the feed rate of 
4500 grams per hour by means of the PLC monitoring 
system 52. eductor air pressure is at 10-12 pounds per 
square inch (psi) which is sufficient air pressure to move 
iron particles to the spray gun. All air pressure is con- 
trolled through a Pneumatic Control System using sole- 
noid control valves 54 to regulate individual pressures to 
specific devices. 

3. Gear pumps are used to accurately transfer the two (2) part 
polyurethane epoxy to the spray gun at a rate of 8 cubic 
centimeters (cc) per minute for each liquid. Both epoxy 
components are heated to 110° Fahrenheit (F) inside 
pressure pots. The lines carrying the fluid have an internal 
diameter of Va inch and carry the fluids through flow 
meters 70 and 72 for an accurate flow measurement. Both 
fluid lines are heated to 110° F. using electric heat tape 56. 

4. The fluids, after being combined while passing through a 
mixing chamber, exit through a 0.0015 inch orifice a the 
tip of the fluid nozzle. Atomizing air, flowing at approxi- 
mately 30 psi, propels the fluid into a mist. All feed rates 
pressures and temperatures are controlled by the host P.C. 
using Control View software. 

5. A GMF robot is used to move the spray gun across the 
substrate in an even manner at a stand off of eight (8) to 
ten (10) inches. Each pass of the spray gun overlaps one 
(1) inch. The spray gun moves at a rate of six (6) to eight 
(8) inches per second. 

While the example detailed in the immediately above 
paragraph illustrates a coating utilizing an iron filler, it will 
be obvious that other metallic fillers such as zinc may be 
equally utilized by this invention. The coating was highly 
loaded with solids (70-85% metal filled) and the thickness 
of the coating was between 5-10 mils that was achieved in 
one pass. The metal filling required no solvents as the 
convergent spray nozzle made the mixture of the metal 
filling and liquid resin on the exterior of the spray nozzle. 

Although this invention has been shown and described 
with respect to detailed embodiments thereof, it will be 
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appreciated and understood by those skilled in the art that 
various changes in form and detail thereof may be made 
without departing from the spirit and scope of the claimed 
invention. 

It is claimed: 5 
1. The method of producing a five to ten millimeter thick 
coating on a substrate wherein the coating contains a metal- 
lic filling of a given proportion to the resin utilized to 
support the metallic filling on the substrate comprising the 
steps of: 10 

0. providing a spray gun; 

1. providing and transmitting metallic powder through a 
pair of hoses coated with a polymer of tetrafluoroehty- 
lene and having a given inside diameter, a pair of 
eductors and a pair of vibratory feeders and controlling 15 
the feed rate at 4500 grams per hour by the use of a PLC 
monitoring system, and a pneumatic control system for 
conducting the metallic powder to the spray gun, 

2. providing and pumping a two part polyurethane epoxy 2Q 
to the spray gun at a rate of 8 cc per minute for each 
liquid and applying heat to the epoxy to increase the 
viscosity, 

3. Regulating the flow of the liquid polyurethane epoxy 
and metallic powder to attain a given ratio of the 
amounts of metallic powder and resin, 
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4. Conducting the resin after passing through a mixing 
chamber that includes a catalyst through a 0.015 inch 
orifice in the tip of the nozzle in the spray gun, 

5. providing atomizing air flowing at substantially 30 
pounds per square inch to propel the liquid resin into a 
diverging mist formed in a convergent plume, and 

6. flowing the metallic powder to diametrically opposed 
nozzles that are mounted on the spray gun and are 
external of and on either side of the 0.015 orifice so that 
the metallic powder does not come into contact with the 
resin until the resin is discharged from the orifice and 
combining the metallic powder to the resin in the 
diverging mist and applying the mist to the substrate. 

2. The method of claim 1 including step of supporting the 
spray gun by a controlled robot for moving the spray gun at 
a rate of 6 to 8 inches per second and locating the spray gun 
at a stand-off of 8 to 10 inches and allowing a pass of the 
spray gun to overlap approximately 1 inch. 

3. The method of claim 2 including the step of controlling 
the dust content in the room housing the eductors and 
vibratory feeders. 

***** 
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INK- JET DEVICE AND METHOD OF 
OPERATION THEREOF 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to an ink-jet device, more particu- 
larly, for producing an image on a recording medium, 
including a droplet-producing device for ejecting droplets 10 
along a trajectory, and a droplet-controlling device for 
controlling the trajectory of the droplets. 

2. Description of the Related Art 

An ink-jet device of the foregoing general type has 15 
become known heretofore from published European patent 
document 0 223 375 Bl. The device described therein 
includes a droplet-production device for ejecting droplets 
along a trajectory. On their way to a recording medium, the 
droplets pass a droplet-controlling device in the form of an 20 
electrode arrangement. Situated between the electrode 
arrangement and the droplet-producing device is a charging 
device, which applies an electric charge to the droplets as 
they move along their trajectory. When the electrically 
charged droplets pass the aforementioned electrode arrange- 2 5 
ment, it is possible to alter their trajectory due to the 
application of a corresponding voltage to the electrode 
arrangement, A result thereof is that the droplets either are 
caused to impact on the recording medium or, alternatively, 
are conducted to a droplet-collecting devices and, after 30 
having been collected thereat, are returned to a reservoir. 
The thus recovered ink is then available once again to be 
resupplied to the droplet-production device. The size of the 
droplets, i.e., the ink volume thereof, and thus the magnitude 
of the inking occurring on the recording medium, is depen- 35 
dent upon the construction of the droplet-producing device, 
which conveys a "chain of droplets", the individual droplets 
of which, respectively, have a constant volume. It is disad- 
vantageous that, therefore, only a small number of ink 
shades or color gradations is available and that only a 40 
relatively coarse resolution can be achieved. 

SUMMARY OF THE INVENTION 

It is accordingly an object of the invention, to provide an 45 
ink-jet device of the foregoing general type which allows the 
formation of a great number of gray levels and color shades 
or gradations, respectively, and permits a fine resolution. 

With the foregoing and other objects in view, there is 
provided, in accordance with the invention, an ink-jet device 50 
for producing an image on a recording medium, comprising 
a droplet-producing device for ejecting droplets along a 
trajectory, and a droplet-controlling device for controlling 
the trajectory of the droplets, the droplet-controlling device 
being formed as a deflection surface, the deflection surface 55 
being disposed so that respective droplets impact thereon 
and rebound to continue the flight thereof, the respective 
droplets being splittable into at least two subdroplets as a 
function of selected parameters. 

By means of the deflection surface according to the 60 
invention, it is thus possible to split preselectively defined 
droplets of the chain of droplets ejected by the droplet- 
producing device, with the result that the primary droplets 
develop into secondary droplets of smaller volume as com- 
pared with the primary droplets. Depending upon the respec- 65 
tive operating state, chosen on the basis of the selective 
parameters, it is thus possible to decide whether defined 
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droplets split or do not split when they impact the deflection 
surface. Furthermore, the parameter control makes it pos- 
sible to determine into how many subdroplets a primary 
droplet is to split. Finally, it is also possible, by means of the 
parameter control, to adjust or set the relative sizes of the 
individual volumes of the resulting secondary droplets. As 
mentioned hereinbefore, splitting of the droplets results in 
streams of secondary droplets, the droplets of which have a 
selective volume. Hence, it is possible, for example, to 
produce very fine droplets or, alternatively, droplets with a 
larger volume. It becomes apparent therefrom that the 
recording medium is inked in a corresponding manner; that 
is, if the droplets are small, there is only very little inking, 
whereas, if the droplets are large, there is strong inking. It is 
thus possible to produce a desired number of gray levels or 
gradations of color and, particularly if very small droplets 
are produced, a high resolution of the image contents is 
assured. A side effect of the impacting of the primary 
droplets on the deflection surface is that their trajectory is 
affected; that is, the direction of the trajectory of a droplet 
changes as a result of impact on the deflection surface. There 
results either just one new trajectory, namely the secondary 
trajectory, along which droplets, namely secondary droplets, 
move insofar as there has been no splitting. If, however, the 
impact on the deflection surface leads to the splitting of the 
droplet, then there result at least two secondary trajectories, 
which extend in different directions; that is, they diverge. It 
is possible to use both chains of droplets to produce the 
image on the recording medium or to "block out" at least one 
of the chains of secondary droplets. Blocking-out is effected 
by collecting; that is, the corresponding secondary droplets 
are supplied preferably to a collecting vessel and are 
recycled to the droplet-producing device. Throughout the 
instant application, the word "ink" (also in conjunction with 
the term "ink-jet device") signifies that use is made of an 
inking medium, of whatever kind, in order to produce a 
marking on the recording medium. There is, therefore, no 
restriction to the word "ink". 

In accordance with another feature of the invention, the 
droplets impact at a given region of the deflection surface, 
and a heating device is provided for heating the droplet- 
impact region of the deflection surface. The heating appa- 
ratus makes it possible for the deflection surface, or at least 
that region of the deflection surface on which the primary 
droplets impact, to be brought to a desired temperature. It is 
preferable to adjust thereat the so-called fluid-specific 
Leidenfrost temperature (approx. 100° C. above the evapo- 
ration temperature of the liquid/ink used), with the result that 
the primary droplets strike a "hot wall" from which they 
reversingly rebound, forming a vapor cushion. The adhesion 
of liquid to the deflection surface is completely prevented in 
this manner. The impacting droplets undergo elastic reflec- 
tion as they strike the deflection surface, which is inclined in 
relation to the direction of flight of the primary droplets. It 
is possible, as a function of the aforementioned parameters, 
that is, in the instant example, the temperature and the angle 
of inclination of the deflection surface, to adjust or set 
whether, after striking the deflection surface, the primary 
droplets "burst" into subdroplets or whether the droplet is 
merely diverted while the volume thereof remains 
unchanged. To be cited in this connection as further param- 
eters, which can be used individually or in any combination, 
are also the velocity of the droplet in relation to the deflec- 
tion surface; the influencing of the droplets by means of an 
electric field; the surface characteristics and material of the 
deflection surface; and also the temperature of the droplet 
liquid itself. The various possibilities of control, through the 
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choice and specification of the magnitude of the parameters, 
will be discussed in greater detail hercinbelow. 

In accordance with a further feature of the invention, the 
ink-jet device includes a droplet- heating device. The drop- 
let-heating device imparts a desired temperature to the 5 
primary droplets; that is, the droplet liquid is heated to a 
desired temperature, this making it possible to influence the 
conditions on impact with the deflection surface. It is thus 
possible to select whether droplet splitting results in two 
subdroplets with approximately equal volumes or with dif- 10 
ferent volumes. The sizes of the individual volumes can be 
specified in a desired manner by the aforementioned mea- 
sure, 

In accordance with an added feature of the invention, the 
droplet-heating device is cooperatively associated with the 15 
droplet-producing device so that the droplets ejected by the 
droplet-producing device are at a selective temperature. 

In accordance with an additional feature of the invention, 
the droplet-heating device is disposed so as to be able to act 
upon the droplets while they are in flight 20 

In accordance with yet another feature of the invention, 
the droplet-heating device is formed as a laser for heating the 
droplets in flight. 

Thus, additionally or alternatively, it is also possible for 2 5 
the droplet-heating device to act on droplets in flight, in 
particular in that the droplet-heating device is in the form of 
a laser, the laser beam of which heats the droplets in flight. 

In accordance with yet a further feature of the invention, 
the deflection surface is coated with a liquid-repellent. 30 

In accordance yet an added feature of the invention, the 
liquid repellent is formed of silicone or polytetrafluoroeth- 
ylene, known by the trade name Teflon. 

Thus, the deflection surface is provided with a liquid- 
repellent coating, particularly of silicone or Teflon. The 
coating has the surprising effect that the desired splitting of 
droplets takes place even if the surface temperature of the 
deflection surface or the temperature of the droplets has not 
been raised to a higher value. Rather, it may be sufficient to 
effect no increase in temperature whatsoever on the deflec- 
tion plate and/or the droplets or to provide for just a small 
increase in temperature in the deflection surface and/or the 
droplet liquid. Nevertheless, the effect of elastic reflection is 
maintained, with the droplets being split, if desired. This 
feature, therefore, is particularly energy-saving. 

In accordance with yet an additional feature of the inven- 
tion, the deflection surface has a given defined roughness. In 
order to be able to effect the splitting of droplets in a desired 
manner, to determine the number of resulting chains of 
secondary droplets or, alternatively, to prevent the splitting 50 
of droplets, this feature is provided. The roughness is, 
therefore, also one of the aforementioned parameters. 

In accordance with another feature of the invention, the 
deflection surface has a defined texturing. The type of 55 
texturing and also the geometry thereof has an effect upon 
the conditions when impact of the primary droplets occurs 
and permits the desired setting or adjustment, that is, split- 
ting of the droplets or no splitting. 

In accordance with a further feature of the invention, the 60 
ink-jet device includes means for selectively adjusting the 
relative velocity between the impacting droplets and the 
deflection surface. Thus, the relative velocity between the 
impacting droplets (primary droplets) and the deflection 
surface is selectively settable or adjustable. If there is a high 65 
relative velocity, a correspondingly high amount of energy is 
converted on impact, the energy having an effect upon 
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splitting. If, due to a lower relative velocity, the energy is 
smaller, there is no splitting. A large amount of energy leads 
also to more than two subdroplets and, finally, it is also 
possible through the intermediary of the energy to determine 
the sizes of the volumes of the subdroplets. 

In accordance with an added feature of the invention, the 
flying velocity of the droplets is selectively adjustable by 
means of the droplet-producing device. 

In accordance with an additional feature of the invention, 
the ink-jet device includes a droplet-braking and/or accel- 
erating device, the flying velocity of the droplets being 
selectively adjustable by means of one of the droplet- 
producing device and the droplet-braking and/or accelerat- 
ing device. 

The droplet-producing device preferably comprises a 
piezoelectric-crystal arrangement which, through suitable 
energization, undergoes changes in volume, as a result of 
which the droplets are ejected from a nozzle. Depending 
upon volume, travel and also rate of change, and so forth, it 
is thus possible to vary the flying velocity of the droplets. 
The aforementioned droplet-braking/accelerating device 
may, for example, be in the form of a device acting on the 
droplets in contact-free manner, the latter device emitting an 
airstream which brakes or accelerates the droplets. Further- 
more, it is also possible to charge the droplets electrically 
and then to expose them to an accelerating field or to 
decelerate them by means of an electric field. 

In accordance with still another feature of the invention, 
the deflection surface is movable by means of a driving 
device and oscillates, respectively, in or opposite to the 
direction of the trajectory so as to adjust the relative velocity. 

In accordance with still a further feature of the invention, 
the deflection surface is movable by means of a driving 
device and oscillates, respectively, as a function of the 
droplet-ejection frequency of the droplet-producing device. 
In particular, the flying velocity of the droplets is selectively 
settable or adjustable by means of the droplet-producing 
device and/or by means of a droplet-braking and/or accel- 
erating device. Thus, according to a further development of 
the invention, with the relative velocity set, the deflection 
surface is movable by means of a driving device in or 
opposite to the direction of the trajectory. Additionally or 
alternatively, it is also possible for the deflection surface to 
be in the form of an oscillatory system; that is, it is set in a 
state of oscillation by means of suitable devices, with the 
direction of the oscillating motion being selected in such a 
manner that at least one component thereof accords with the 
direction of the trajectory of the primary droplets, with the 
result that the oscillating motion, or a component thereof, is 
directed either opposite to the direction of flight of the 
primary droplets or, after a reversal of the oscillation, in the 
direction of the trajectory of the primary droplets. In this 
manner, the relative velocity between droplet and deflection 
surface is in one case greater and in the other case, after 
reversal of the oscillation, smaller. Depending upon the 
currently pertaining operating state when a droplet impacts 
the deflection surface, there will thus be a corresponding 
conversion of energy, with the result that either the droplet 
splits (into two or more subdroplets of equal or unequal 
volume) or the droplet does not split 

In accordance with still an added feature of the invention, 
the driving device is a deflection-surface swiveling device. 

The movement of the deflection surface may be accom- 
plished with the deflection surface itself being rigid and 
being moved in its entirety by means of the driving device, 
which may be effected in particular by means of a vibration 
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device, or with the deflection surface forming the aforemen- 
tioned oscillatory system; that is, the deflection surface is 
excited by means of the driving device and is in an oscil- 
lating state, comparable to that of an eardrum when excited. 
Such an oscillating deflection surface exhibits locally dif- 
ferent amplitudes. The amplitude in the peripheral regions of 
the deflection surface is smaller than in the center. The fact 
that the point of impact of the primary droplets is selective, 
through suitable deflection of the trajectory of the primary 
droplets, means that the velocity of the impacting droplets in 
relation to the deflection surface is selective. 

In accordance with still a further feature of the invention, 
the driving device is a deflection-surface vibration device. 
Small, preferably periodic swiveling motions of the deflec- 
tion surface result in motions in or opposite to the direction 
of the primary trajectory. In particular, the geometry is such 
that at least one component of the swiveling motion lies in 
or opposite to the direction of the primary trajectory. The 
farther the swiveling axis of the deflection surface is 
removed from the point of impact of the primary droplets, 
the greater is the distance moved and the deflection-surface 
velocity. Through synchronization of the droplet-ejection 
rate with the swiveling motion, it is possible, at the time of 
impact of the primary droplets, for the deflection plate to be 
moving in or opposite to the trajectory of the primary 
droplets, with the result that it is possible to set suitably 
higher or lower relative velocities and impact angles 
between the incoming droplet and the deflection surface. 

Preferably, the droplets ejected by the droplet-producing 
device are primary droplets on the primary trajectory, and 
the droplets rebounding from the deflection surface are 
secondary droplets on at least one secondary trajectory. If 
the droplet is split into two parts, there are two secondary 
trajectories, which diverge from one another. If the droplet 
is split into more than two parts, there will be a correspond- 
ing number of secondary trajectories. 

In accordance with still an additional feature of the 
invention, the trajectory is formed of a primary trajectory 
and at least one secondary trajectory, the droplets ejected by 
the droplet-producing device are primary droplets on the 
primary trajectory, and the droplets rebounding from the 
deflection surface are secondary droplets on the at least one 
secondary trajectory, and including a droplet-splitting elec- 
trode arrangement for applying an electric field to the 
secondary droplets disposed in the vicinity of the secondary 
trajectory, and a charging device for electrically charging the 
primary droplets. 

In accordance with another feature of the invention, the 
droplet-splitting electrode arrangement is disposed near the 
reflection surface. Thus, there may be disposed in the region 
of the secondary trajectory, in particular near the deflection 
plate, a droplet-splitting electrode arrangement for applying 
an electric field to the secondary droplets. It is important, in 
this regard, that the primary droplets be electrically charged 
by means of a charging device. The charging device is 
situated preferably in the region between the droplet-pro- 
ducing device and the deflection surface. In accordance with 
a further feature of the invention, the charging device is a 
charging ring electrode situated in the primary trajectory. It 
is in particular in the form of a ring electrode in which the 
primary droplets are formed by constriction of the liquid jet. 
The charging of the electrode produces a charge in the 
developing droplet, with the current produced being drained 
through the liquid and the grounded ink reservoir. The 
electric potential is not lost through the impact of the 
primary droplet on the deflection surface. The parameters of 
the overall arrangement are set so that the droplet is not split 
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by its impact with the deflection surface. It is, however, in 
a marginal state of "almost splitting"; that is, for example, its 
geometrical shape is no longer that of a droplet, but rather 
that of a "figure eight". By means of the aforementioned 

5 droplet-splitting electrode arrangement, it is possible to 
influence the respective secondary droplet just after impact 
in such a manner that it splits or does not split. This is 
accomplished by the selection of suitable potential at the 
electrodes of the droplet-splitting electrode arrangement. 

JQ The arrangement is formed of two spaced- apart oppositely 
positioned electrodes, the secondary droplets flying through 
the thus formed gap. Preferably, one of the electrodes is 
integrated into the deflection surface and the other electrode 
is positioned opposite the deflection surface at a suitable 
distance from and, if required, at an angle to the other 

15 electrode. Splitting or non-splitting can be controlled 
depending upon the magnitude of the field strength of the 
droplet-splitting electrode arrangement and/or the polarity 
and/or the fact whether an electric field has been built up at 
all. If there is splitting, this is once again to the aforemen- 

20 tioned extent, namely the number of secondary droplets and 
the specification of predeterminable volumes of the second- 
ary droplets. 

In accordance with an added feature of the invention, the 

^ ink-jet device includes a deflecting electrode arrangement 
situated in the primary trajectory and disposed between the 
charging device and the deflection surface. The charging 
device will have imparted an electric charge to the primary 
droplets as they move on the primary trajectory. As the 

30 droplets, on their further flight, then pass the deflecting 
electrode arrangement, if the deflecting electrode arrange- 
ment exhibits a defined electric field, then the primary 
droplets are influenced in their trajectory, thus correspond- 
ingly determining the point of impact on the deflection 

35 surface. Preferably, and this applies to all embodiments of 
the invention, the deflection surface extends at an acute 
angle with respect to the direction of the primary trajectory. 
Consequently, moving the point of impact of the primary 
droplets results in a change in the angles on impact (entry 

40 angle=exit angle), thus making it possible to exert an influ- 
ence on the size of the droplets as they split, that is, on the 
size of the subdroplets. 

In accordance with an additional feature of the invention, 
the ink-jet device includes a collecting element for respec- 

45 tive secondary droplets, the collecting element being asso- 
ciated with the at least one secondary trajectory. 

In particular, there is a split into, for example, two 
subdroplet streams, with one subdroplet stream being 
directed so that the subdroplets thereof enter a collecting 

50 reservoir, in which case those subdroplets are then not 
available for producing the image, but are recycled into the 
system. The remaining subdroplet stream flies past the 
collecting reservoir and reaches the recording medium. As 
mentioned hereinbefore, the volumes of the droplets of the 

55 stream can be set by means of the deflecting electrode 
arrangement; that is, depending upon the control of the 
deflecting electrode arrangement, the size of the droplets 
which reach the recording medium is preselective and 
results in corresponding inking of the recording medium. 

60 Alternatively or additionally, the aforementioned angular 
conditions may also be brought about in that the angle and/or 
position of the deflection surface is altered; that is, the 
setting of the volumes of the subdroplets is variable through 
this measure. Consequently, it is always possible to influ- 

65 ence the direction of the secondary trajectories, with the 
result that the associated droplets either enter a collecting 
reservoir or, if desired, strike the recording medium. 
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In accordance with yet another feature of the invention, 
the ink-jet device includes a plurality of the deflection 
surfaces disposed so that a droplet formed by the droplet- 
producing device passes the plurality of deflection surfaces 
in succession. Thus, it is also possible for one or more 5 
deflecting electrode arrangements not to be disposed in the 
region of the primary trajectory, but in the region of the 
secondary trajectory/trajectories. According to a further fea- 
ture, a droplet ejected by the droplet-producing device is fed 
consecutively to a plurality of deflection surfaces. As men- 10 
tioned hereinbefore, there not only ensues a change in the 
trajectory, but this measure also makes it possible to split a 
primary droplet and then, in turn, to split the resulting 
secondary droplets when they impact on a following deflec- 
tion surface, and so forth, it being possible ultimately in this 15 
manner to obtain very fine droplets. Secondary droplets 
which, in the course of the multiple splitting, are not to be 
used for the recording medium are always directed on 
trajectories which terminate in collecting reservoirs. 

In accordance with yet a further feature of the invention, 20 
the ink-jet device includes a plurality of droplet-producing 
devices, and means for feeding droplets produced thereby, 
grouped and in focus, to the recording medium. Finally, it is 
advantageous if the droplets from a plurality of droplet- 
producing devices, grouped and focused, are fed to the 25 
recording medium. In this construction, it is possible for 
very large volumes of ink to be fed to the recording medium. 
In this connection, some droplet trajectories or at least one 
of the droplet trajectories may be provided with a deflection 
surface, with the result that, also when droplets are merged 30 
or fed to the same point on the recording medium, there is 
droplet splitting, at least in one of the droplet subslreams. It 
is possible in this manner to set with great accuracy the 
desired total volume of the ink supplied and thus the 
production of gray levels. 35 

In accordance with another aspect of the invention, there 
is provided an ink-jet process for producing an image on a 
recording medium, which comprises ejecting droplets along 
a trajectory, controlling the trajectory of the droplets with a 
droplet-controlling device formed as a deflection surface and 40 
disposed so that respective droplets impact thereon and 
rebound to continue the flight thereof, the respective drop- 
lets being splittable into at least two subdroplets as a 
function of selected parameters, and selecting parameters so 
that the respective droplets are split into at least two sub- 45 
droplets. 

In accordance with another mode of the process according 
to the invention, the parameters are selected from the group 
consisting of the surface characteristics of the deflection 50 
surface, the material of the deflection surface, the tempera- 
ture of the deflection surface, the temperature of the drop- 
lets, the relative velocity between droplet and deflection 
surface and the angle of impact of the droplets on the 
deflection surface. 55 

In accordance with a further mode of the invention, the 
ink-jet process includes splitting the subdroplets at least 
another time by colliding the subdroplets with a further 
deflection surface. It is thereby possible to obtain very small 
droplet volumes. 60 

In accordance with a concomitant mode of the invention, 
the ink-jet process includes forming a plurality of droplet 
streams having, in at least one stream thereof, droplets 
which have been split, and feeding streams of respective 
droplets and/or subdroplets, in grouped fashion, to the 65 
recording medium. It is thereby possible to produce an 
image dot with a particularly fine gradation of gray. 
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Other features which are considered as characteristic for 
the invention are set forth in the appended claims. 

Although the invention is illustrated and described herein 
as embodied in an ink -jet device and a method of operation 
thereof, it is nevertheless not intended to be limited to the 
details shown, since various modifications and structural 
changes may be made therein without departing from the 
spirit of the invention and within the scope and range of 
equivalents of the claims. 

The construction and method of operation of the inven- 
tion, however, together with additional objects and advan- 
tages thereof will be best understood from the following 
description of specific embodiments when read in connec- 
tion with the accompanying drawings, in which: drawings, 
in which: 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a diagrammatic and schematic view of a first 
embodiment of an ink-jet device constructed in accordance 
with the invention; 

FIG. 2 is an enlarged fragmentary view of FIG. 1 showing 
a second embodiment of the ink-jet device according to the 
invention; 

FIG. 3 is a fragmentary view of a third embodiment of the 
ink-jet device; 

FIG. 4 is a slightly enlarged view of FIG 1 showing a 
fourth embodiment of the ink-jet device; 

FIG. 5 is a diagrammatic and schematic view of a fifth 
embodiment of the ink-jet device wherein multiple splitting 
of the ink stream is performed; 

FIG. 6 is a diagrammatic view of a seventh embodiment 
of the ink-jet device wherein a plurality of ink streams are 
grouped; 

FIG. 7 is an enlarged representation of a collision of a 
chain of droplets with a deflection surface; 

FIG. 8 is another view of FIG. 7, however, showing the 
impacting droplets being split; and 

FIG. 9 is yet another view of FIG. 7, however, wherein no 
splitting of the droplets has yet occurred. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to the drawings and, first, particularly to 
FIG. 1 thereof, there is shown therein an ink-jet device 1, 
including a droplet-producing device 2 which is supplied 
with ink from ink reservoirs 3 and 4 via lines 5 by means of 
a pump 6. The droplet-producing device 2 has a nozzle from 
which a liquid jet 8 of the ink is ejected. Individual primary 
droplets 7 are formed from the liquid jet 8 in a ring electrode 
13 of a charging device 11, and move along a trajectory 10 
forming a primary trajectory 9, 

Situated at the end of the primary trajectory 9 is a 
deflection element 15, which has a deflection surface 16. The 
deflection surface 16 is flat in form and extends at an acute 
angle alpha with respect to the direction of the primary 
trajectory 9. 

During the flight of the droplets 7 on the primary trajec- 
tory 9, they strike the inclined deflection surface 16 from 
which they rebound and continue their flight. As a result of 
the impact, each primary droplet 7 is split into two second- 
ary droplets 17 and 18. The individual secondary droplets 17 
and 18 form corresponding secondary chains of droplets. 
The secondary droplets 17 and 18 move on secondary 
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trajectories 19 and 20. At the ends of the secondary trajec- 
tories 19 and 20, the respective secondary droplets 17 and 18 
strike a recording medium 21, such as, paper, for example, 
which moves in the direction of the arrow 22. The secondary 
droplcls 17 and 18 produce an image on the recording 5 
medium 21. 

Each secondary trajectory 19 and 20, respectively, is 
associated with a deflecting electrode arrangement 23 and 
24, respectively. Each deflecting electrode arrangement 23 
has two plate electrodes, between which the respective l0 
secondary trajectory 19 or 20 extends. The ink reservoir 23, 
formed as a collecting reservoir 25, is situated to the side of 
the secondary trajectory 20 and the ink reservoir 4, which is 
similarly formed as a collecting reservoir 26, is situated to 
the side of the secondary trajectory 19. 

Preferably, the deflection surface 16 is heated by means of 
a non-illustrated heating device. A consequence thereof is 
that primary droplets 7 impacting thereon arc elastically 
reflected on a vapor cushion. Simultaneously, the aforemen- 
tioned splitting of the droplets occurs. 2Q 

The primary droplets 7 passing the charging device 11 are 
electrically charged due to the existence of an electric field 
therein; that is, they possess an elecoric charge, which they 
retain, even after droplet splitting. As the thus charged 
secondary droplets 17 and 18, respectively, formed from the 25 
primary droplets 7, then pass the respective deflecting elec- 
trode arrangements 23 and 24, and if the deflecting electrode 
arrangements 23 and 24 generate defined electric fields, a 
deflection results, i.e., the relevant secondary droplets 17 
and 18 are deflected into the ink reservoirs 4 and 3, respec- 30 
tively. Due to the fact that the relatively large-sized primary 
droplets 7 are broken down into secondary droplets 17 and 
18, respectively, the relative volumes of the secondary 
droplets 17 and 18 being capable of being selected by means 
of suitable parameters, such as the impact velocity on the 35 
deflection surface 16, it is possible to apply a desired size of 
droplet to the recording medium which, depending .upon the 
size of droplet selected, results in a corresponding gray level 
with correspondingly desired resolution. 

FIG. 2 shows a detail of another embodiment of the 40 
ink-jet device 1 according to the invention. From the drop- 
let-producing device 2, the primary droplets 7 reach the 
deflection surface 16, which oscillates. The oscillations are 
produced by means of a suitable non-illustrated driving 
device. The oscillating movement is indicated by the some- 45 
what elliptical form shown in broken lines and the double- 
headed arrow associated therewith. The somewhat elliptical 
form shows that the deflection or oscillation amplitude in the 
center of the deflection surface 16 is greater than at the 
edges. Consequently, a corresponding velocity profile is also 50 
provided. The velocity of the primary droplets 7 is identified 
as Vj; the velocity of the oscillating deflection surface 16 is 
identified as V 2 . When the velocity V 2 is broken down into 
its components, one of the components extending in or 
opposite to the direction of the primary trajectory 9, then it 55 
becomes apparent that, depending upon the instant of impact 
of a primary droplet 7 on the oscillating deflection surface 
16, there is either a lower relative velocity or a higher 
relative velocity on impact. The relative velocity or impact 
velocity is particularly great when the deflection surface 16 60 
oscillates towards the incoming primary droplets 7. If the 
deflection surface 16 should just happens to be oscillating in 
the direction of the primary trajectory, then there is a lower 
relative velocity. Depending upon the respective adjustable 
relative velocity, which requires the oscillations of the 65 
deflecting surface 16 to be synchronized with the droplet- 
ejection frequency, it is possible to obtain a reflection at the 
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deflection surface 16 with which either a droplet splitting 
occurs or no droplet splitting occurs. 

FIG, 3 illustrates a detail of another embodiment of the 
ink-jet device according to the invention. Just as with regard 
to FIG. 2, so too with regard to the embodiment shown in 
FIG. 3, reference is made to component parts which have 
been omitted from the last-mentioned figure, but are clearly 
visible in FIG, 1, and indeed constitute component parts of 
all of the embodiments. It is apparent from FIG. 3 that a 
charging device 11 is disposed in the region of the primary 
trajectory 9 and has a ring electrode 13. The embodiment of 
FIG. 3 has as a special feature that a droplet-splitting 
electrode arrangement 27 is disposed in the starting or initial 
region of the secondary trajectories 19 and 20. The droplet- 
splitting electrode arrangement 27 includes two spaced- 
apart, oppositely positioned plate electrodes 28 and 29, 
which are connected to a corresponding control voltage 
output of a non-illustrated control system. The plate elec- 
trode 28 is integrated into the deflection surface 16; the 
surface of the plate electrode 20 is disposed in alignment 
with the remaining surface portion of the deflection surface 
16. The further plate electrode 29, disposed opposite and at 
a spaced distance from the plate electrode 28, extends in a 
manner that the electrode plane thereof is preferably at an 
angle with respect to the plane of the plate el ecu-ode 28, and 
being inclined thereto so that, as viewed in the direction of 
the secondary trajectories 19 and 20, a diverging arrange- 
ment is formed. The two secondary trajectories 19 and 20 
extend between the two plate electrodes 28 and 29. Further 
provided in the course of the secondary trajectory 19 is a 
deflecting electrode arrangement 23, which is formed of two 
plate electrodes, between which the secondary trajectory 19 
extends. 

During the operation of the ink-jet device shown in FIG. 
3, the oncoming primary droplets 7 are charged by means of 
the charging device 11. Thereafter, in the impact region 30, 
the droplets 7 are caused to impact with the deflection 
surface 16, which extends obliquely with respect to the 
primary trajectory 9. The deflection surface 16 may, for 
example, be heated, or may be formed of a liquid-repellent 
material, such as Teflon, for example. It is necessary to 
ensure that there is no wetting of the deflection surface 16, 
but that the primary droplets 7 be elastically reflected. As 
viewed in the direction of the secondary trajectories 19 and 
20, the impact region 30 is followed by the plate electrode 
28 in the region of the deflection surface 16. Consequendy, 
the droplet-splitting electrode arrangement is located down- 
stream of the impact region 30. Accordingly, the droplet- 
splitting electrode arrangement acts upon droplets that have 
already been reflected from the deflection surface 16. The 
arrangement is such that, through the setting of defined 
parameters, the reflected droplets do not split If those 
parameters are altered, however, which can be effected by 
exposing the reflected droplets to an electric field from the 
droplet-splitting electrode arrangement, then the droplets 
may be split, for example into two subdroplets. This means 
that, through appropriate control of the droplet-splitting 
electrode arrangement, it is possible to cause droplet split- 
ting to occur or not to occur, selectively. Consequently, in 
the case of non-splitting, large droplet volumes can be fed to 
the recording medium or, alternatively, depending upon the 
parameters, a droplet splitting takes place, with the indi- 
vidual volumes of the subdroplets also being controllable by 
means of the parameters. It is thus possible accurately to 
select the desired droplet volume for both streams of sub- 
droplets. By means of the deflecting electrode arrangement 
23, it is possible for the subdroplet stream on the secondary 
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trajectory 19 to be influenced in such a manner that it either 
reaches the recording medium or, alternatively, enters an ink 
reservoir (not shown in FIG. 3). 

FIG. 4 shows a further embodiment of the ink-jet device 
1, which differs essentially from the embodiment in FIG. 1 5 
in that a deflecting electrode arrangement 23 is disposed 
between the charging device 11 and the deflection surface 
16. The primary droplets 7 fed from the droplet-producing 
device 2 are created in the charging ring electrode 13, where 
they are provided with a corresponding electric potential. 10 
They then fly through the deflecting electrode arrangement 
23, by means of which they can be controlled in such a 
manner that different points of impact are obtained on the 
deflection surface 16. This, in turn, has an effect upon the 
impact angle and also upon the velocity at which impact 
takes place on the deflection surface 16. This potential for 
effecting variations makes it possible to exert an influence 
upon the individual volumes of the subdroplets forming due 
to the impact thereof on the deflection surface 16. It is 
apparent from FIG. 4 that the secondary droplets 17 are fed 
to the recording medium 21, while the secondary droplets 18 20 
land in an ink reservoir 4. Because the volume of the 
secondary droplets 17 can be set by means of the deflecting 
electrode arrangement 23, it is possible to adjust the required 
gray level, in a desired manner. 

25 

Alternatively, in FIG. 4, a double-headed arrow 311 is 
shown in the region of the impact surface 16. The double- 
headed arrow 311 is intended to indicate that it is possible to 
alter the position of the deflection element 15. A suitable 
non-illustrated device is provided for this purpose. Through 3Q 
such change in position, also, it is possible to exert an 
influence upon the volumes of the subdroplets. This measure 
may be implemented alone or in combination with the 
aforementioned deflecting electrode arrangement 23. 

FIG. 5 shows an embodiment of the ink-jet device 35 
wherein multiple droplet splitting occurs. Several deflection 
surfaces 16 are provided. The deflection surfaces 16 are 
situated inside a housing 31 which is formed with a bottom 
opening 32. An inlet opening 34 is formed at the top 33 of 
the housing 31. The bottom region of the housing 31, 40 
situated to either side of the bottom opening 32, is trough- 
like in form and serves as an ink reservoir 3. The deflection 
surfaces 16 are formed on brackets 35, which are attached to 
side walls of the housing 31. 

The ink reservoir 3 communicates with a pump 6 and a 45 
droplet-producing device 2. The primary droplets 7 supplied 
from the droplet-producing device 2 fly through the inlet 
opening 34, where they strike a deflection surface 16', as a 
result of which they split into two subdroplet streams 36 and 
37. The subdroplet stream 37 lands on an inclined drain 50 
surface 380 on the bracket 35, from which it drips into the 
ink reservoir 3. The associated subdroplets, therefore, are 
not fed to the recording medium 21. Conversely, the sub- 
droplet stream 36 strikes a further deflection surface 16" on 
the end face of the bracket 35 and is, in turn, split into two 55 
subdroplet streams 38 and 39. The subdroplet stream 38 
passes through an opening formed in the bracket 35 and 
enters the ink reservoir 3. The subdroplet stream 39 strikes 
the deflection surface 16 formed on the end face of the 
lower-lying bracket 35, and is, in turn, split thereat into two 60 
subdroplet streams 40 and 41. The droplets of the subdroplet 
stream 40 enter the ink reservoir 3. The droplets of the 
subdroplet stream 41 fly through the bottom opening 32, 
being deflected once again on a deflection surface 16'"; in 
this case, however, there is no droplet splitting. It is con- 65 
ceivable, however, in this case, also, as yet another embodi- 
ment, to perform a droplet splitting. This is the case when it 
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is desired that two droplet streams should strike the record- 
ing medium 21. 

It becomes apparent from the foregoing description that 
the relatively large-sized primary droplets 7 are converted, 
through multiple droplet splitting, into very fine droplets, 
which then reach the recording medium. It is possible, 
therefore, to achieve a very fine resolution due to the fine ink 
droplets. Conversely, however, it is also possible, by means 
of the device according to the invention, to make the primary 
droplets comparatively large in size, which offers no prob- 
lem from the point of view of the process, without having to 
forego the fine resolution on the recording medium 21. 

In the embodiment shown in FIG. 6, the objective is to 
produce the largest possible number of gray levels for each 
image dot on the recording medium 21. Provided for this 
purpose is a plurality of droplet-producing devices 2, which 
feed the primary droplets 7 thereof to deflection surfaces 16, 
which are disposed in such a manner that the reflected 
droplets enter trajectories which converge with respect to 
one another, as a result of which the droplets reach the 
recording medium 21 in focused form. Provision can be 
made for droplet splitting to occur at least upon the collision 
of the primary droplets from one of the droplet-producing 
devices 2, due to which it is possible in general to exert an 
influence upon the overall volume of ink and thus upon the 
gray-level value of the image dot. 

Further derived from FIG. 6 is that, disposed between the 
furthest-downstream deflection surface 16/deflection sur- 
faces 16, respectively, is a deflecting electrode arrangement 
23 by means of which the secondary-droplet streams, or at 
least some of the secondary-droplet streams, can be con- 
trolled in such a manner that the associated droplets enter an 
ink reservoir 3 and do not reach the recording medium 21. 
Likewise provided in the embodiment shown in FIG. 6 are 
charging devices 11, which impart a charge to the primary 
droplets 7 formed from the liquid jet; that is, the primary 
droplets 7 are electrically charged, with the result that they 
can be controlled in their trajectory by means of the deflect- 
ing electrode arrangement 23. 

FIG. 7 illustrates the elastic impact of the primary droplets 
on the deflection surface 16. Arriving from the left-hand side 
of the figure, the primary droplets 7 strike the deflection 
surface 16, thereby undergoing deformation, and are then 
reflected and rebound from the deflection surface 16 without 
any droplet splitting. Conversely, in FIG. 8, the aforemen- 
tioned parameters are set differently, with the result that, 
after the primary droplets 7 have impacted the deflection 
surface 16, they are split into two substreams. It is clearly 
discernible that the volumes of the individual secondary- 
droplet streams are of different magnitudes. 

FIG. 9 represents a collision process wherein the droplets 
just fail to split. The primary droplets impacting the deflec- 
tion surface 16, undergo extreme deformation into approxi- 
mately figure eight-shaped forms which, after collision, 
contract again and, during further flight thereof, regain their 
droplet shape. Under such a condition, if one were, for 
example, to increase the velocity of the primary droplets just 
slightly or expose the secondary droplets to an electric field 
in the region of the collision zone, then droplet splitting 
would occur. Electrical control over the droplets requires 
that the primary droplets 7 should be electrically charged, 
which is possible to effect by means of a charging electrode 
arrangement. 

We claim: 

1. Ink-jet device for producing an image on a recording 
medium, comprising a droplet-producing device for ejecting 
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droplets along a trajectory, and a droplet-controlling device 
for controlling the trajectory of the droplets, said droplet- 
controlling device being formed as a deflection surface, said 
deflection surface being disposed so that respective droplets 
impacting thereon are split into at least two subdroplets. 5 

2. Ink-jet device according to claim 1, wherein the drop- 
lets impact at a droplet-impact given region of said deflec- 
tion surface, and including a heating device for heating said 
droplet-impact region of said deflection surface. 

3. Ink-jet device according to claim 1, wherein said 10 
droplet-producing device includes a droplet-heating device. 

4. Ink-jet device according to claim 3, wherein the drop- 
lets ejected by said droplet-producing device are heated to a 
selective temperature by said droplet-heating device. 

5. Ink-jet device according to claim 3, wherein said 15 
droplet-heating device is disposed so as to be able to act 
upon the droplets while they arc in flight. 

6. Ink-jet device according to claim 5, wherein said 
droplet-heating device is formed as a laser for heating the 
droplets in flight. 20 

7. Ink-jet device according to claim 1, wherein said 
deflection surface is coated with a liquid repellent. 

8. Ink-jet device according to claim 7, wherein said liquid 
repellent is formed of silicone or polytetrafluoroethylene. 

9. Ink-jet device according to claim 1, wherein said 25 
deflection surface has a given defined roughness. 

10. Ink-jet device according to claim 1, wherein said 
deflection surface has a defined texturing. 

11. Ink-jet device according to claim 1, including means 
for selectively adjusting a relative velocity between the 30 
impacting droplets and said deflection surface, 

12. Ink-jet device according to claim 11, wherein said 
deflection surface is movable by means of a driving device 
and oscillates, respectively, in or opposite to the direction of 
the trajectory so as to adjust the relative velocity. 35 

13. Ink-jet device according to claim 12, wherein said 
driving device is a vibration device. 

14. Ink-jet device according to claim 12, wherein said 
driving device is a deflection-surface swiveling device. 

15. Ink-jet device according to claim 11, wherein said 40 
deflection surface is movable by means of a driving device 
and oscillates, respectively, as a function of the droplet- 
ejection frequency of the droplet-producing device. 

16. Ink-jet device according to claim 1, wherein a flying 
velocity of the droplets is selectively adjustable by means of 45 
said droplet-producing device. 

17. Ink-jet device according to claim 1, including a 
droplet-braking and/or accelerating device, the flying veloc- 
ity of the droplets being selectively adjustable by means of 
one of said droplet-producing device and said droplet- 50 
braking and/or accelerating device. 

18. Ink-jet device according to claim 1, wherein the 
trajectory is formed of a primary trajectory and at least one 
secondary trajectory, the droplets ejected by said droplet- 
producing device are primary droplets on the primary tra- 55 
jeetory, and the droplets rebounding from the deflection 
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surface are secondary droplets on the at least one secondary 
trajectory, and including a droplet splitting electrode 
arrangement for applying an electric field to the secondary 
droplets disposed in the vicinity of the secondary trajectory, 
and a charging device for electrically charging the primary 
droplets. 

19. Ink-jet device according to claim 18, wherein said 
droplet-splitting electrode arrangement is disposed near said 
deflection surface. 

20. Ink-jet device according to claim 18, wherein said 
charging device is a charging ring electrode situated in the 
primary trajectory. 

21. Ink-jet device according to claim 18, including a 
deflecting electrode arrangement situated in the primary 
trajectory and disposed between said charging device and 
said deflection surface. 

22. Ink-jet device according to claim 18, including a 
collecting element for respective secondary droplets, said 
collecting element being associated with said at least one 
secondary trajectory. 

23. Ink-jet device according to claim 1, wherein said 
deflection surface is one of a plurality of deflection surfaces 
disposed so that a droplet formed by said droplet-producing 
device passes said plurality of deflection surfaces in succes- 
sion. 

24. Ink-jet device according to claim 1, including a 
plurality of droplet-producing devices, and means for feed- 
ing droplets produced thereby, grouped and in focus, to the 
recording medium. 

25. Ink-jet process for producing an image on a recording 
medium, which comprises the steps of ejecting droplets 
along a trajectory, controlling the trajectory of the droplets 
with a droplet-controlling device formed as a deflection 
surface and disposed so that respective droplets impact 
thereon and rebound to continue the flight thereof, the 
respective droplets being splittable into at least two sub- 
droplets as a function of selected parameters, and selecting 
parameters so that the respective droplets are split into at 
least two subdroplets* 

26. Ink-jet process according to claim 25, wherein the 
parameters are selected from the group consisting of the 
surface characteristics of the deflection surface, the material 
of the deflection surface, the temperature of the deflection 
surface, the temperature of the droplets, the relative velocity 
between droplet and deflection surface and the angle of 
impact of the droplets on the deflection surface. 

27. Ink-jet process according to claim 25, which includes 
splitting the subdroplets at least another time by colliding 
the subdroplets with a further deflection surface. 

28. Ink-jet process according to claim 25, which includes 
forming a plurality of droplet streams having, in at least one 
thereof, droplets which have been split, and reeding streams 
of respective droplets and/or subdroplets, in grouped fash- 
ion, to the recording medium. 

* * * * * 
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ABSTRACT 



The spray nozzle comprises a mixing chamber into which a 
liquid, forming a first and a second liquid stream, can flow 
through two inlet openings and which comprises an outlet 
opening, disposed downstream, for a spray jet. A mixing 
chamber wall acts as a guide surface for the liquid streams 
and is shaped at the outlet opening such that the liquid 
streams meet at an angle at the outlet opening and then form 
the spray jet. Given an angle of impact of approximately 90°, 
this spraying process delivers droplets with a high level of 
kinetic energy and a broad uniform fan-out of the droplet 
paths. Large areas can therefore be uniformly sprayed with 
the spray nozzle from a considerable distance. 

15 Claims, 3 Drawing Sheets 




01/07/2004, EAST Version: 1.4.1 



U.S. Patent Mar. 26, 2002 Sheet 1 of 3 US 6,360,973 Bl 




8 15 16 17 45 40 



01/07/2004, EAST Version: 1.4.1 



U.S. Patent Mar. 26, 2002 Sheet 2 of 3 



US 6,360,973 Bl 





Fig. 2C 



32 



01/07/2004, EAST Version: 1.4.1 



U.S. Patent 



Mar. 26, 2002 Sheet 3 of 3 



US 6,360,973 Bl 




h FIG. 3C 



01/07/2004, EAST Version: 1.4.1 



US 6,360 ; 

1 

SLOT NOZZLE FOR SPRAYING A 
CONTINUOUS CASTING PRODUCT WITH A 
COOLING LIQUID 

This is a continuation of international application Ser. 5 
No. PCT/EP98107069 filed Nov. 5, 1998, the entire disclo- 
sure of which is incorporated herein by reference. 

FIELD OF THE INVENTION 

The invention relates to a spray nozzle for spraying a 10 
continuous casting product with a cooling liquid according 
to the preamble of claim 1. 

BACKGROUND OF THE INVENTION 

As is known, in a continuous casting process, in particular 15 
for the continuous casting of steel, cooling of a metal melt 
in a continuous casting mould results in a continuous casting 
product which is continuously drawn out of the mould in the 
form of a strand whose surface is constituted by a solidified 
crust and which still has a liquid core of metal melt. After 20 
leaving the mould, the strand is conveyed through a sec- 
ondary cooling zone in which it is sprayed with a coolant, 
generally water, in order to continue removing heat from it 
until it has completely solidified and bring it to the tem- 
perature desired for subsequent processing. 25 

As secondary cooling directly causes the strand to solidify 
or influences its solidification, the secondary cooling process 
and the devices required to carry it out have a decisive effect 
on the quality of the end products. The components used to 3Q 
disperse the coolant, in particular the spray nozzles, are of 
particular importance. 

The various parameters which characterise the secondary 
cooling process affect the solidification of the strand in 
different ways and— depending on the practice — must be 35 
optimised according to different criteria. 

Particularly important factors are the secondary cooling 
intensity, which determines the speed of the strand shell 
growth and which is set to be more or less "harsh" or 
"gengentle", depending on the practice, and the spatial 40 
distribution of the coolant application density, which should 
be as homogeneous as possible in order to ensure that the 
strand shell growth is as homogeneous as possible. 

The spray nozzles used in a secondary cooling section to 
atomise a coolant are usually optimised with regard to the 45 
required standards of secondary cooling intensity and homo- 
geneity of the coolant application. The kinetic energy of the 
cooling liquid droplets applied by spraying and, in 
particular, the coolant application density are in this respect 
determining factors for the secondary cooling intensity. The 50 
homogeneity of the coolant application density is not just 
determined by the homogeneity of the droplet dispersion in 
the spray jet produced by an individual spray nozzle. The 
angular distribution of the droplet paths is also relevant to 
the homogeneity of the coolant application density. Namely, 55 
the angular distribution determines the shape and the size of 
the area on a strand which can be sprayed with a spray jet. 
However a large number of spray nozzles are required in a 
secondary cooling zone in order to cover with coolant the 
entire area of a strand which is to be cooled. The spray jets 60 
of the individual nozzles are therefore superimposed accord- 
ingly. The angular distribution of the droplet paths of an 
individual spray jet is consequently a decisive factor for the 
homogeneity of the coolant application density when super- 
imposing a large number of spray jets. 65 

The known full cone nozzles deliver spray jets with a 
conical angular distribution of the droplet paths. Because of 



,973 Bl 

2 

their conical shape, the spray jets of a plurality of full cone 
nozzles are unable to perfectly cover large areas for spray- 
ing; the superimposition of a plurality of spray jets results in 
a highly inhomogeneous coolant application density. A spray 
nozzle having all the features of the preamble of claim 1 is 
known from U.S. Pat. No. 3 072 346. This spray nozzle has 
a nozzle body with a mixing chamber which is rotationally 
symmetrical about the longitudinal axis of the nozzle body, 
into which chamber a liquid, forming a first and a second 
liquid stream, can flow through two inlet openings and 
which is provided with an outlet opening, disposed 
downstream, for a spray jet. Apart from the formation of the 
outlet opening, this nozzle has essential features of a known 
type of full cone nozzle: The two inlet openings are inte- 
grated into a guide structure for the liquid streams entering 
the mixing chamber such that a velocity component is 
imparted to the liquid streams tangentially to the mixing 
chamber wall as they enter the mixing chamber in addition 
to a velocity component in the direction of the outlet 
opening. This tangential velocity component causes the two 
liquid streams to combine after entering the mixing chamber 
to form one liquid stream which is directed at the outlet 
opening and which exhibits a vortex about the longitudinal 
axis of the nozzle body. Although the spray nozzle which is 
described in U.S. Pat. No. 3 072 346 has a round outlet 
opening — like a conventional full cone nozzle — , this outlet 
opening is widened like a funnel on the outlet side such that 
the emerging spray jet is distorted in the direction of the 
diagonals of a square. Because the outlet opening is formed 
in this way, the nozzle delivers a spray jet with an approxi- 
mately square droplet dispersion related to a plane perpen- 
dicular to the longitudinal axis of the nozzle body. 

One disadvantage of this spray nozzle is that, because of 
the vortex which is imposed, the form of the droplet dis- 
persion of the spray jet is distorted to an increasing degree 
as the infeed pressure of the liquid increases. It is therefore 
impossible to comply with the standards required in terms of 
homogeneity of the coolant application density in a second- 
ary cooling section with a nozzle of this kind. 

A further disadvantage of this nozzle lies in the fact that 
its spray jet only has an approximately square droplet 
dispersion in one spray plane, which may not be very far 
away from the outlet opening, typically not more than 20 
cm. Because of the short operating distance, a large number 
of spray nozzles of this kind are required to spray large areas 
with a sufficient degree of homogeneity. 

BACKGROUND OF THE PRIOR ART 

A fiat-jet nozzle is described in U.S. Pat. No. 4 988 043. 
It comprises a passage for the liquid to be atomised with an 
outlet slot for the spray jet. The spray jet is fanned out over 
a wide angular range in the slot direction, whereas it hardly 
widens transversely to the longitudinal direction of the slot 
as the distance from the outlet slot increases. The quasi 
one-dimensional fan-out results in a flat spray jet. On 
account of the small extent of the spray jet transversely to 
the outlet slot, the process of spraying relatively large 
rectangular areas entails complications, whether because a 
large number of these flat-spray nozzles must be used or 
because a single flat-spray nozzle must be moved in order to 
cover a relatively large area with its spray jet. 

OBJECT OF THE INVENTION 

Taking the inadequacies of the known spray nozzles as a 
starting point, the object of the invention is to provide a 
spray nozzle which is suitable for use in a secondary cooling 
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section of a continuous casting plant and for this purpose opening with an opening angle at the outlet opening of 

enables the largest possible area to be sprayed as homoge- between 60° and 130°, preferably between 80° and 100°. 

neously as possible with liquid droplets with the greatest The taper forms the part of the guide surface for the liquid 

possible kinetic energy from the greatest possible distance. streams which determines the angle of impact. The taper 

This object is achieved by a spray nozzle having the s brings together the two liquid streams at the outlet opening 

features of claim 1. at an angle of impact which corresponds to the opening 

The spray nozzle according to the invention comprises a angle of the taper. The droplets produced at the outlet 
mixing chamber into which a liquid, forming a first and a opening when the two liquid streams interact have a par- 
second liquid stream, can flow through two inlet openings ticularly large velocity component in the direction of the 
and which comprises an outlet opening, disposed 10 bisector of the opening angle of the taper. This direction 
downstream, for a spray jet, wherein at least one mixing corresponds to the mean direction of propagation of the 
chamber wall is formed as a guide surface for the liquid droplets which can leave the outlet opening. Depending on 
streams and is shaped at the outlet opening such that the its shape, the outlet opening also provides an exit for 
liquid streams meet at an angle at or directly before the droplets whose paths are scattered over a solid angle about 
outlet opening and then form the spray jet. Because the two s the mean direction of propagation. The taper may be conical, 
liquid streams are directed at the outlet opening and coUide for example. 

at the outlet opening, relatively large liquid droplets are A number of further developments of the spray nozzle 

produced which— related to the infeed pressure at the inlet according to the invention have further features which, 

openings— can leave the outlet opening with a relatively either alone and/or combined with one another, afford the 

high level of kinetic energy. Energy losses due to vortex 2Q condition for a homogeneous droplet dispersion over an area 

formation in the mixing chamber are largely prevented. The f or spraying. In order to achieve a homogeneous droplet 

high level of kinetic energy allows an area to be sprayed dispersion, it is advantageous for the outlet opening and the 

from a considerable working distance. The atomisation of mixing chamber to have a common plane of symmetry. On 

the two liquid streams permits a large spread of the direc- tnis assumption, the two liquid streams are symmetrical with 

tions of propagation of the droplets and therefore a wide 25 respect to the plane of symmetry. Droplets whose paths 

fan-out of the spray jet emerging from the outlet opening. In extend symmetrically to the plane of symmetry can therefore 

this respect the droplets which are dispersed transversely to be produced. A spray nozzle whose outlet opening is formed 

the direction of propagation of the liquid streams in particu- a s a slot will produce a particularly homogeneous droplet 

lar play an important part in the fan-out of the spray jet. As dispersion if the inlet openings in each case have a cross- 

the propagation of the liquid streams in the mixing chamber 3Q sectional area of elongate shape and the directions of their 

is substantially determined by the geometry of the mixing longitudinal extent are in each case substantially parallel to 

chamber, the infeed pressure can be varied over a relatively tne direction of the longitudinal extent of the outlet slot. In 

broad range without any substantial change in the fan-out of ^ casc the two liquid streams are in a sense "preshaped" 

the spray jet. anc j adapted to the outlet slot at the inlet openings so that 

In this connection the cross section of an inlet opening is 35 even at the inlet openings the lines of equal flow velocity — 

basically understood to mean a section transverse to the related to a plane transverse to the respective liquid 

respective liquid stream in the inlet opening, and the cross stream— have the same or approximately the same shape as 

section of the outlet opening a section transverse to the spray the cross-sectional area of the outlet opening (transversely to 

jet- the central direction of propagation of the liquid droplets). 

The properties of a spray jet produced with the spray 40 Another embodiment of the spray nozzle according to the 

nozzle according to the invention depend substantially on invention has an outlet slot and is formed such that the 

the angle of impact at which the liquid streams meet at or mixing chamber and the outlet slot have a common plane of 

directly before the outlet opening. An angle of impact in a symmetry, wherein the longitudinal direction of the outlet 

range between 60° and 130°, preferably between 80° and slot lies in the plane of symmetry and the inlet openings are 

100°, is advantageous. This creates the conditions for pro- 45 disposed on different sides of the plane of symmetry. In this 

ducing liquid droplets which leave the outlet opening with a case the spray jet is fanned out particularly widely in the 

particularly high level of kinetic energy and form a spray jet plane of symmetry, i.e. in the longitudinal direction of the 

which is distinguished by the fact that the droplets disperse outlet slot. The droplet dispersion additionally becomes 

in a particularly uniform manner over a particularly large particularly homogeneous if— as in the previously discussed 

solid angle about a mean direction of propagation. 50 embodiment — the inlet openings have a cross-sectional area 

The spray nozzle according to the invention has a slot as of elongate shape and the directions of their longitudinal 

the outlet opening. If its cross-sectional area transverse to extent are substantially parallel to the plane of symmetry. A 

the direction of propagation of the spray jet is appropriately particularly uniform droplet dispersion is achieved if the 

shaped, an outlet slot offers the possibility of spraying a ratio of the sum of the two cross-sectional areas of the inlet 

rectangular area, for example. The long sides of the rectan- 55 openings to the cross-sectional area of the outlet opening is 

gular area for spraying are in this case substantially parallel between 1.5 and 2, preferably between 1.6 and 1.8. 

to the direction of the longitudinal extent of the slot. The Another embodiment of the spray nozzle is distinguished 

angular range over which the spray jet fans out in the by the fact that the mixing chamber has a taper of the 

direction of the longitudinal extent of the outlet slot above-mentioned type at the outlet opening and a cylindrical 

increases with the length of the slot. This effect is due to the 60 segment between the taper and the inlet openings. The 

fact that the angular range in which droplets can leave the cylindrical segment acts as a side wall which bounds the 

interaction zone of the two liquid streams at the outlet liquid streams. The length of the cylindrical element influ- 

opening through the outlet slot increases in the direction of ences the way in which the two liquid streams intermix at the 

the longitudinal extent of the slot with the length f the outlet outlet opening and the efficiency with which the liquid 

s l° l - 65 streams are converted into droplets which leave the outlet 

In one embodiment of the spray nozzle according to the opening unimpeded. The length of the cylindrical segment 

invention the mixing chamber has a taper at the outlet may be optimised accordingly. Additionally, it is advanta- 
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geous if the inlet openings open out at the side wall of the rectangular area of a width of 10 cm and a length of 50 cm 

mixing chamber. Then the energy losses due to unwanted to be uniformly sprayed from a distance of approximately 45 

vortex formation in the mixing chamber are particularly low cm. Spray nozzles of this kind may advantageously be used 

and the production of the spray jet is particularly efficient. in a secondary cooling section of a continuous casting plant 

A spray nozzle with a mixing chamber of a particularly 5 to cool strands of billet or bloom format in which case one 

simple construction is obtained if the inlet openings are of the ^ no ^ J™ ,d re P lace ^ conventional ful 

c j , , . l u ♦ •♦ .4 cone nozzles and in addition make a more uniform coolant 

formed between a cross bar, which connects opposite parts lication ible ^ nozzle accordi to the invention 

of the lateral boundary of the liquid streams, and the lateral m * be C0 J tructed witn an outlet slot of a \ th exceeding 

boundary If the side wall is rotauonally symmetncal about 10 mm and a width cxcecding 5 mm . Openings of this size 

an axis and the cross bar is cuboid, the cross sections of the 10 enua m& ^ q{ {hQ omlet sk)t Qf ^ nozzle 

inlet openings will be shaped like circular segments. according to the invention becoming clogged due to soiling 

According to the invention such inlet openings may be during operation, which is quite the opposite of conventional 

combined with an oudet slot whose longitudinal direction is s pray nozzles. The same applies to the inlet openings, which 

substantially parallel to the chords of the circular segments. may be approximately of the same size as the outlet open- 

The droplet dispersion in the spray jet may be influenced 15 m g s « 

by defined widenings of the cross section of the outlet The asymmetrical embodiments of the spray nozzle 

opening in the direction of propagation of the spray jet. One according to the invention are used in various ways in a 

embodiment of the spray nozzle according to the invention continuous casting plant. In a curved mould continuous 

has an outlet slot whose cross-sectional area is widened at casting plant, for example, portions of a curved strand with 

the narrow ends in the direction of propagation of the spray 20 a rectangular cross section are cooled on the different sides 

jet. A particularly large fan-out of the spray jet in the in the region of the secondary cooling zone by superimpos- 

longitudinal direction of the outlet slot is achieved by this ing areas for spraying in the form of rectangles and segments 

means. of circular rings. Such areas can be generated with the spray 

In another embodiment of the spray nozzle the cross nozzle according to the invention by appropriately dimen- 

section of the outlet slot is widened in the centre of the long sioning the components thereof. Moreover, it is usual, when 

sides of the outlet slot in the direction of propagation of the casting parts in succession, to vary the cross section of the 

spray jet. This measure enables the proportion of droplets strands to be produced. This results in the problem that, after 

propagating in the direction of the mean direction of propa- changing the cross section in a longitudinal portion of a 

gation to be increased. strand path, it is not just the size of an area for spraying 

In another embodiment of the spray nozzle according to 3 ° which has 10 be ada P ted to the chm ^ strand geometry, but 
the invention the outlet opening and the mixing chamber also frequently the centroid of this area. When using con- 
have a common plane of symmetry, and guide walls are ventional spray nozzles, these must all be replaced by other 
provided to bound the spray jet emerging from the outlet nozzles with a different area for s P ra y in 8 when lhe cross 
opening. " ~ section is changed, in which case the position of the spray 

t \. . A . 4 p.. . A . t 35 nozzles must also be appropriately adapted. The same object 

In another embodiment of the spray nozzle according to , , , r 4 . i j- . 

. , r J * • * • *l * *u can be achieved by means of the spray nozzle according to 

the invention the spray nozzles are asymmetneal in that the . , J , t . . , . j 

. , . ■ t j-i * i a i *u m e invention by positioning the spray nozzles at a prede- 

mlet openings nave different cross-sectional areas and/or the . , . / r , ,. • « . . 

guide walls are disposed on opposite sides of the outlet ' c .™ lDed P olnt a , od Tl^P ^ ing ( sp I* y n ? zzles ™* 

° t j iy * j - . c ,u i *. t-i. , differing asymmetry which take account of the change in the 

opening at a different distance from the latter. These two 40 . _f c c • tv- j i- • 

r , " . , . ■ * + . % 1 . 1 . .j centroids of the areas for spraying. This procedure ehmi- 

constnictional measures result on the inlet and/or outlet side t ■ * * j> *• *u 1 t. 

c ,, , . . & . nates the complex step of re- adjusting the spray nozzle each 

in an asymmetry of the spray nozzle which has an effect on 4 . . • j 

« j 1 » j* • .u • * r • • nme the cross section is changed, 

the droplet dispersion in the spray jet — even if the mixing & 

chamber is otherwise symmetrical. If this asymmetry is BRIEF DESCRIPTION OF THE DRAWINGS 

suitably prominent in quantitative terms, it is possible, in 45 Embodiments of the spray nozzle according to the inven- 

comparison with a symmetrical nozzle, to move the centroid £ on are illustrated in the following on the basis of diagram- 

of the droplet dispersion by a predetermined distance, influ- matic figures, in which: 

ence the homogeneity of the droplet dispersion and vary the FIG. 1A is a longitudinal section through a spray nozzle; 

shape of the area for spraying. It is possible, inter aha, to FIG, IB is a longitudinal section through the spray nozzle 

form areas for spraying with more or less curved circum- 50 in mG ^ al ih& line B _ B 

ferential lines — instead of a rectangular area for spraying. A „ T „ ... 0 .... .. , ■ ™^ 

„ „i ^Z ar . ■ „ „ „c FIG. 2Ais a cross section through the spray nozzle in FIG. 

spray nozzle whose mixing chamber comprises a plane or ia 1 a a- 

symmetry will produce a particularly homogeneous droplet a on ^ , e ine 

dispersion on a rectangular area for spraying with a centroid 1 FIG ' 2B 15 a V 1 ™ view onto the s P ra V no2zle in HG - 1A 

which is offset with respect to the plane of symmetry if the 55 al ° Dg ^ arr0W C m FIG ' 1B and 

nozzle is formed asymmetrically on the inlet and the outlet FIG - 2C corresponds to FIG. 2B, although shows a 

side such that the inlet opening with the smaller cross- different example; 

sectional area is disposed on the same side of the plane of FIG. 3A corresponds to FIG. 2A, although has inlet 

symmetry as the guide wall which is disposed at the greater openings of a different size; 

distance from the plane of symmetry. To achieve optimum $0 $IG. 3B corresponds to FIG. 2B, although has guide 

results, the distances of the guide walls from the plane of surfaces on the outlet side which are at a different distance 

symmetry may be adapted to the asymmetry of the nozzle on from the outlet opening; 

the inlet side, which is characterised, for example, by the FIG. 3C corresponds to FIG. 1A, although is modified 

difference in size of the cross-sectional areas of the inlet according to FIGS. 3A and 3B. 

openings. 65 The two spray n0Z zles represented in FIGS. 1A-B and 

A spray nozzle according to the invention which is 2A-C are intended for spraying a rectangular area with 

provided with a suitable outlet slot enables, for example, a liquid droplets. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

The spray nozzle 5 represented in FIGS. 1A-B and 2A-B 
is symmetrical with respect to a plane 35. The spray nozzle 
5 comprises a nozzle body 4 which has a cavity composed 
of a cylindrical portion 16 and a conical portion 17. The 
cylindrical part has an opening 6 through which a liquid to 
be atomised can be admitted at a certain pressure p and is 
rotationally symmetrical with respect to a longitudinal axis 
38. The conical portion 17 tapers in the direction of the 
longitudinal axis 38 according to an opening angle a and has 
an outlet slot 30 for a spray jet 40 at the cone apex. The 
outlet slot 30 is symmetrical with respect to the plane of 
symmetry 35, the longitudinal direction of the cross- 
sectional area of the outlet slot 30 lying in the plane of 
symmetry 35. 

As can be seen from FIGS. 2 A and 1A-B, a cross bar 8 
in the cylindrical portion 16 separates a mixing chamber 15 
consisting of a part of the cylindrical portion 16 and the 
conical portion 17 and leaves two inlet openings 9 and 10 
free in the wall of the cylindrical portion 16. The cross- 
sectional areas of the inlet openings 9 and 10 have the shape 
of a circular segment and lie symmetrically on different sides 
of the plane of symmetry 35. The cross-sectional areas of the 
inlet openings 9 and 10 are of elongate shape, the directions 
of their longitudinal extent or the chords of the circular 
segments being parallel to the plane of symmetry 35. 

During operation a liquid to be atomised is delivered to 
the spray nozzle 5 along flow lines 7 at a pressure p through 
the opening 6 and routed into the mixing chamber 15 
through the inlet openings 9 and 10, forming a first liquid 
stream 12 and a second liquid stream 13. Given an appro- 
priate choice of opening angle a of the conical portion 17, 
of the diameter D and the length L of the part of the 
cylindrical portion 16 which bounds the mixing chamber 15 
(Figure IB), the two liquid streams 12 and 13 are guided 
along the walls of the cylindrical portion 16 or conical 
portion 17 so as to meet at the outlet opening 30 and then 
form the spray jet 40. 

In FIG. IB Q> L denotes the angle which the fan-out of the 
spray jet describes in the plane of symmetry, i.e. character- 
ises the angular range over which droplets leaving the outlet 
opening 30 are dispersed in the plane of symmetry 35. 
Similarly O in FIG. 1A denotes the angular range over which 
droplets are dispersed perpendicularly to the plane of sym- 
metry 35. As indicated in FIGS. 1A and IB, the angle O l is 
substantially greater than O in the case of the spray nozzle 
5 according to the invention. In order to enable as many 
droplets as possible to pass through the outlet slot 30 at the 
narrow ends of the outlet slot 30, there is a widening 31 of 
the cross-sectional area of the outlet slot 30 in the direction 
of propagation 39 of the spray jet 40 at the narrow ends of 
the outlet slot 30. 

FIG. 2C indicates an alternative configuration of the 
outlet slot 30. The cross section of the outlet slot 30 in FIG. 
2C has widenings 32 in the direction of propagation 39 of 
the spray jet 40 in the centre of the long sides. The widenings 
cause the droplets to accumulate within the plane of sym- 
metry 35 in the direction of the longitudinal axis 38. 

Guide walls 45, 46 are disposed substantially parallel to 
the plane of symmetry 35. Depending on the distance from 
the plane of symmetry 35, the guide walls act as a boundary 
for the spray jet 40 emerging from the outlet opening 30 
and/or to protect the spray jet 40 from external disturbances, 
e.g. movements of the ambient air. 

The opening angle a=90° was selected in the example in 
FIGS. 1A and IB. a-90° is a preferred value with regard to 
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the homogeneity of the droplet dispersion in the spray jet 40, 
the width of the fan-out of the spray jet 40 and the efficiency 
of the droplet production. However the spray nozzle accord- 
ing to the invention is also operational for 60°<a<130°, with 

S 80°<a<100° being a preferred range. 

The spray nozzle according to the invention as shown in 
FIG. 1 A or IB enables, for example, a rectangular area with 
dimensions of 120 mrnxSOO mm to be uniformly sprayed at 
a distance of 450 mm from the outlet opening. The angular 

30 distribution of the droplet paths is then characterised by 
$ L ~58° and 0=16°. Homogeneous droplet dispersions for a 
certain size of the mixing chamber 15 and a certain cross- 
sectional area of the inlet openings 9, 10 are obtained for this 
spray range — depending on the size of the outlet slot 30. For 

!5 example, an outlet slot 30 of length 1=13.8 mm and width 
b-7 mm will produce a homogeneous droplet dispersion for 
a mixing chamber 15 of D=»26 mm and L=ll mm. The 
optimum ratio of the sum of the two cross-sectional areas of 
the inlet openings 9, 10 to the cross-sectional area of the 

20 outlet opening 30 at the same time has a value of 1.7 ±0.1. 
On account of the highly efficient production of droplets, the 
spray jet 40 produces a high impact pressure of 30 kg/m 2 on 
a sprayed surface from a distance of 450 mm at a pressure 
p=9 bar at the entrance 6 of the spray nozzle. The operating 

25 pressure p is between 1 bar and at least 10 bar. 

If the cross-sectional area of the outlet slot 30 is smaller 
or greater, L and D must be reduced or increased accord- 
ingly. In this respect the optimum ratio of the sum of the 
cross-sectional areas of the inlet opening to the cross- 

30 sectional area of the outlet opening is between 1.5 and 2, 
preferably between 1.6 and 1.8, and the optimum ratio of the 
diameter D of the cylindrical segment 16 to the length L of 
the cylindrical segment 16 in the mixing chamber 15 is 
between 2 and 3. The impact pressure at the same reference 

35 distance becomes correspondingly lower or higher. 

FIGS. 3A-C represent an asymmetrical spray nozzle 50, 
which may be considered as a modification of the 25 
previously-described spray nozzle 5 distinguished by the 
plane of symmetry 35. The asymmetrical spray nozzle 50 

40 differs from the symmetrical spray nozzle 5 in that the cross 
bar 8 is offset with respect to the plane of symmetry 35, the 
inlet openings 9 and 10 consequently form circular segments 
with different areas Aj and and the guide surfaces 45 and 
46 are at different distances i x and t^ from the centre of the 

45 outlet opening 30. Where the asymmetrical spray nozzle 50 
is concerned, A a <A2 and t lf ^ i.e. of the inlet openings 9 
and 10, the one with the smaller cross-sectional area is 
disposed on the same side of the plane of symmetry 35 as the 
guide wall of the two guide walls 45 and 46 which is furthest 

50 away from the plane of symmetry 35. Because of the 
different shaping or dimensioning of the inlet openings 9 and 
10, the liquid streams 12 and 13 transport different quantities 
of liquid (indicated in FIG. 3C by arrows with a line 
thickness corresponding to the quantity of liquid). As the 

55 liquid streams 12 and 13 are not symmetrical with respect to 
the lane of symmetry 35 in this configuration and droplets 
with an asymmetrical momentum distribution are conse- 
quently produced when the liquid streams meet, depending 
on the distance x from the plane of symmetry 35, the spray 

60 jet 40 is characterised by a droplet dispersion P(x) whose 
maximum is located at a distance x M from the plane of 
symmetry 35 on the side opposite the inlet opening 10. The 
distance x M may be varied by a suitable presetting of the 
widths Wj and w 2 of the inlet openings 9 and 10. A 

65 rectangular spraying area with a homogeneous droplet dis- 
tribution P(x) in a plane perpendicular to the plane of 
symmetry 35 will result if the distances tj and t 2 of the guide 
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walls 45 and 46 are appropriately adapted. If the distances 
tj and ta are not optimally adapted to Wj and w 2 , this may 
result in a spraying area which is not rectangular, instead 
having the shape of a segment of a circular ring, for 
example. 

What is claimed is: 

1. A spray nozzle for spraying a continuous casting 
product with a cooling liquid, including a mixing chamber; 
a first inlet opening and a second inlet opening for injecting 
the liquid into the mixing chamber thereby forming a first 
liquid stream and a second liquid stream in the mixing 
chamber; an outlet slot, disposed downstream, for a spray 
jet, wherein at least one mixing chamber wall is formed as 
a guide surface for the liquid streams and is shaped at the 
outlet slot such that the liquid streams meet at an angle, 
which is between 60° to and 130°, at the outlet slot and then 
forms the spray jet; 

wherein the mixing chamber has a taper at the outlet slot 
with an opening angle at the outlet slot of between 60° 
and 130°, and the taper forms a part of the guide 
surface, and the outlet slot and the mixing chamber 
have a common plane of symmetry. 

2. A spray nozzle according to claim 1, wherein the 
mixing chamber has a cylindrical segment between the taper 
and the inlet openings. 

3. A spray nozzle according to claim 2, wherein the ratio 
of the diameter of the cylindrical segment to the length of the 
cylindrical segment is between 2 and 3. 

4. A spray nozzle according to claim 1, wherein the inlet 
opening in each case have a cross-sectional area of elongate 
shape and the directions of their longitudinal extent are in 
each case substantially parallel to the direction of the 
longitudinal extent of the outlet slot. 

5. A spray nozzle according to claim 1, wherein the 
mixing chamber has a side wall which bounds the liquid 
streams at the side, and the inlet openings each opens into 
the mixing chamber. 
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6. A spray nozzle according to claim 5, wherein the inlet 
openings are formed between the side wall and a cross bar. 

7. A spray nozzle according to claim 1, wherein the ratio 
of the sum of the two cross-sectional areas of the inlet 

5 openings to the cross-sectional area of the outlet slot is 
between 1.5 and 2. 

8. A spray nozzle according to claim 1, wherein the 
longitudinal direction of the outlet slot lies in a plane of 
symmetry, and the inlet openings are disposed on different 

10 sides of the plane of symmetry. 

9. A spray nozzle according to claim 1, wherein the cross 
section of the inlet openings is shaped like a circular 
segment. 

10. A spray nozzle according to claim 1, wherein the 
15 crossnsectional, area of the outlet slot has a widening at the 

narrow ends in the direction of propagation of the spray jet. 

11. A spray nozzle according to claim 1, wherein the cross 
section of the outlet slot has a widening in the center of the 
long sides of the outlet slot in the direction of propagation 

20 of the spray jet. 

12. A spray nozzle according to claim 1, wherein guide 
walls are disposed in the direction of the longitudinal extent 
of the outlet slot to bound the spray jet emerging from the 
outlet slot. 

25 13. A spray nozzle according to claim 12, wherein the 
guide walls are disposed on opposite sides of the outlet slot 
at different distances from the outlet slot. 

14. A spray nozzle according to claim 13, wherein the 
inlet openings have different cross-sectional areas, the inlet 

30 opening with the smaller cross-sectional area is disposed on 
the same side of the plane of symmetry as the guide wall 
which is disposed at the greater distance from the plane of 
symmetry. 

15. Aspray nozzle according to claim 1, wherein the inlet 
35 openings have different cross-sectional areas. 

***** 
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[57] ABSTRACT 

An ink jet printer in which ink droplets issuing from a 
source serially pass through an electrically energizable 
deflection field which is activated at regularly recur- 
ring intervals. Deflection of the drops occurs along 
different trajectories toward a recording medium be- 
cause of the variable time each droplet is subjected to 
the energized deflection field. The droplets which are 
deflected have the same physical or electrical charac- 
teristics and are not given differing charges, for exam- 
ple, before entry into the deflection field. Both electri- 
cally chargeable droplets and magnetic droplets may 
be used as the marking fluid when directed according 
to time dependent deflection. Generally, the deflec- 
tion field is of sufficient length to include simulta- 
neously ail droplets which will comprise a full charac- 
ter stroke on the recording medium and the deflection 
signal is a square wave selectively applied. However, 
deflection fields may be shortened and the applied sig- 
nal may either increase or decrease with time during 
the energizing interval. In addition, apparatus may be 
included to produce deflection along either of two co- 
ordinate axes and means are disclosed to select drop- 
lets required for printing while discarding others dur- 
ing issuance of the droplets from the source at a fixed 
generation rate. 

15 Claims, 10 Drawing Figures 
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TIME DEPENDENT DEFLECTION CONTROL FOR given trajectories toward a recording medium accord- 

INK JET PRINTER ing to their time in the field. 

DAPirrDAfiMn nv Tur iviwcMTinvi Another object of this invention is to provide ink 

BACKGROUND OF THE INVENTION drop , e , prjn ^ g apparatus .„ whjch ^ ^ drop|e(s 

The present invention relates to graphic display re- 5 used for printing are equally charged and the deflection 

corders and more particularly to ink jet printers em- field is electrically or magnetically energized for regu- 

ploying selectively directed droplets for forming char- lar intervals of time to establish different droplet trajec- 

acters and the like on a recording medium. tories. 

Ink jet printers are well known. Examples of such Another object of this invention is to provide ink 

printers are disclosed in U.S. Pat. No. 2,600,129, issued '° droplet printing apparatus in which the droplets are se- 

June 10, 1952 to C. H. Richards; U.S. Pat. No. lectively charged at either of two levels and may op- 

3,596,275, issued July 27, 1971 to R. G. Sweet; U.S. tionally be synchronously charged with droplet produc- 

Pat. No. 3,500,436, issued Mar. 10, 1970 to R. W. Nor- tion or asynchronously charged, 

din; and U.S. Pat. No. 3,510,878, issued May 5, 1970 A still further object of this invention is to provide 

toC. E. Johnson, Jr. 15 ink droplet printing apparatus in which droplets are 

Character printing with a stream of ink droplets is g^n deflection trajectories according to the time that 

generally accomplished electrostatically in the prior art is s P ent . in either an electrostatic deflection field or a 

by selectively deflecting the stream repeatedly along magnetic deflection field. 

one direction while the recording medium on which the Another object of this invention is to provide ink 

ink is deposited moves at a slower velocity along a sec- 20 dro P let printing apparatus having a pair of selectively 

ond orthogonal direction. This results in a matrix type energizable deflection fields between a droplet source 

of printing in which droplets not required are directed and recording medium in which droplets are given de- 

to a gutter or else not produced. Each desired droplet flection in proportion to the time spent in either of said 

is given an electrical charge at the time of formation 25 fieIds - 

that corresponds with its assigned position along the SUMMARY OF THE INVENTION 
line of deflection and directed through an electrostatic 

field of constant strength. The several droplets are The fore g° ,n g ob J ects are attained in accordance 

there deflected in proportion to their respective * lth ! he mv ^tion by serially producing a stream of 

c h arges like-charged ink droplets, directing them through a se- 

Thistype of printing requires sophisticated electrical 3 ° Actively energizable deflection field toward a record- 
circuitry. The charges for each desired droplet must be »ng medium, and selectively energizing the field in ac- 
accurately established and maintained through the du- fordance with the position of the droplets therein so as 
ration of printing in order to provide uniformly spaced tacau * s f. ld dro P' e ' s 10 ™ e a trajectory dependent 
and accurately placed dropleis on the record medium. 3 5 UP ° n T tim " a< * *™P tet ,s f«bjected to the field. In 
Because of the aerodynamic effects and interdrop elec- ^'7 5 AT^' Tf* ° n ™t 
trical characteristics, compensation circuits are usually #f " .J^? ° f d r op ' ctl " * e we ? n < he P ates ' 
required to maintain the uniform spacing of droplets Ll^fe latcr ! n * c ™ ,s 
In addition, changes in ink temperature or viscosity af- "* * C *J "^J r ^ 
feet the time of drop breakoff and hence the charge 40 a^^^S^^' P«h of travel. The 

i i i * I ■ . . ° droplets are preferably produced in sufficient number 

placed on the droplet; this ,s overcome by using syn- t0 ^ a f M |fa Q y f P the record 

chroniz.ng circuits which rely on further detection de- d Jet is t When usi ch | d d ^ J 

vices to maintain proper droplet charge electrostatic field, each of the droplets to be used in the 

When |Pnntmgw,th magnetic ink droplets it has been series is iven a , ike ch and droplets to be dis- 

found ! that although no charging is required the mag- 45 cafded are iyen a different Qr nQ £ 

netic deflection field must be varied for each droplet ,n pulses ^ ovided for a predetermin S ed lime until 

order to attain the proper droplet spacing. This there- the selected series is fu|1 cna F d or m be ch 

fore, requires a series of magnetic deflection elements nous | y appIicd 5y energizing the droplets as eac ^ is pr0 . 

between the droplet formation point and recording me- duced . The ink drop printing apparatus of ^ c invention 

dium for the selective application of various and suit- 50 can aIsQ be used wkh magnetic ink dropiets 0 f course, 

able deflection energies. This is done by either provid- in this case no charge is p i aced on the drop | ets but they 

ing a single magnetic field and varying the flux density are likewise produced in a sufficient number in a series 

or by providing a succession of magnetic fields which to complete one line of the matrix in the case where a 

can be selectively energized as each droplet progresses full line is required. Unwanted magnetic droplets may 

toward the record surface. As with the electrostatic " be deflected by an auxiliary device from the character 

printing, such control circuits become complex, expen- forming deflection field. The deflection field is prefera- 

sive and are usually difficult to maintain at the proper bly energized for regularly recurring time intervals and 

stability. the magnitude of the energizing signal may be constant 

It is accordingly a primary object of this invention to or in some cases varied, 

provide improved ink droplet printing apparatus for 60 Because of the simplified deflection control means 

producing graphic displays such as alphanumeric char- much of the expense necessitated by the circuits for the 

acters - electrostatic control means heretofore known has been 

Another important object of this invention is to pro- eliminated. Ink droplet charging can be done in a bi- 

vide ink droplet printing apparatus in which droplet de- 65 nary fashion either synchronously or asynchronously 

flection is accomplished by energizing the deflection and the deflection field energization may be accom- 

field at selected predetermined times and the droplets, plished on a regularly recurring time cycle even though 

having uniform charges or latent magnetization, are relatively complex characters have to be formed. The 
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invention has the advantage of not being restricted to entered between the plates. At this time, an electric 

field energization signals of constant amplitude but field at a fixed value is established between plates 14 

other signals such as ramp or step signals may be ap- and 15 from signal generator 16 and will remain until 

plied if desired to produce the necessary deflection tra- the last droplet in the series reaches the right hand edge 

jectorics for the droplets. The deflection technique is 5 of the plates. 

suitable for use with either electrostatic deflection When this occurs, each of the equally charged drop- 
fields or with magnetic deflection fields and carries lets in the group will be influenced by the electric field 
with it the above named advantages in either case; between plates 14 and 15 for a different amount of 

RRIPF nFSPRIPTinN HP THP nPAU/IMPQ time * The firSt dro P ,et of lhe g rou P whicn is about t0 

BRIEF DESCRIPTION OF THE DRAWINGS , Q emefge frQm the p|ates wi „ experienC€ electric field for 

FIG. 1 schematically illustrates an ink drop deflec- the shortest amount of time and the last droplet of the 

tion apparatus constructed in accordance with the prin- group, which has just entered between the plates, will 

ciples of the invention. experience the field for the greatest amount of time as 

FIG. 2 is a timing diagram showing relationship be- it travels the entire length of the deflection plates. In- 

tween a signal applied to a deflection field and the im- 15 termediate drops of the groups will be influenced by 

pact positions of ink droplets responding thereto. the electric field for differing time periods and will ac- 

FIG. 3 is a modification of the apparatus shown in quire a transverse velocity component proportional to 

FIG. 1 in which a second selectively energizable deflec- the time-integral of the field they experience. Since 

tion field has been added to enable two dimensional de- they have a substantially constant velocity, this is, in 

flection. 20 turn, proportional to the distance integral of the field, 

FIGS. 4a and 4b illustrate another waveform that from the position of the droplet at the instant the field 

may be applied to the deflection field and the relation- is turned on to the end of the field region or termina- 

ship of the droplet trajectories in accordance there- tion of the field. The first droplet will experience little 

with. or no deflection as it leaves the field region at the time 

FIG. 5 is a diagram of an ink droplet printing appara- 25 the field is set up, whereas the last drop is fully de- 

tus in which a gutter is used to receive all unwanted ink fleeted since it travels the full length of the field region 

droplets. under the influence of the field. The uniformly spaced 

FIG. 6 illustrates an aperture plate in conjunction intermediate drops acquire equal increments of trans- 

with the apparatus of FIG. 3 in which improperly verse velocity because of the electric field distribution 

charged droplets and unwanted droplets can be elimi- 30 along the length of the deflection plates 14 and 15 is 

nated. uniform. After traveling along the trajectories toward 

FIG, 7 is a schematic diagram of ink droplet printing the recording surface, not shown, the deflection drop- 
apparatus for magnetic ink which incorporates the lets are arranged to produce a line scan which is ap- 
principles of the invention. proximately linear. The deflection plates can be of a 

FIG. 8 is a schematic diagram of magnetic ink droplet 35 length to ailow sufficient droplets therebetween to 

deflection apparatus in which unwanted droplets can comprise a character stroke or one line of a matrix ar- 

be eliminated. rangement of droplets. 

FIG. 9 is a timing diagram snowing both a time and If the incoming stream of droplets is continuous and 

amplitude variable energization signal for a magnetic uniformly spaced, a new group is located in position be- 

deflection field and showing the relative trajectories of 40 tween deflection plates 14 and 15 at approximately the 

ink droplets deflected by the field so energized. time the last drop of the first group of droplets has left 

DETAILED DESCRIPTION OF PREFERRED &SK^ 

EMBODIMENTS g deflection because the deflec- 
tion field is now reduced to zero because of the termi- 
Referring to FIG. 1 a stream of ink droplets 10 issues 45 nation of the square wave signal, from generator 16. 
from a nozzle 1 1 which is supplied with ink under pres- The difference with the second group of droplets is that 
sure from source 12. The nozzle and ink source, which the last droplet in that group receives little or no deflec- 
may be of types well known in the art, produce a stream tion because the electric field between the deflection 
of ink in the order of 0.001 inches in diameter which plates is turned off at approximately the time it enters 
breaks up into individual droplets in the vicinity of the 5 the region between the plates. The foremost drop of the 
charging electrode 13. As each droplet breaks from the group is fully deflected because electric field was on 
filament of ink issuing from the nozzle, it carries with during nearly the whole of its transit time. Likewise, the 
it an electric charge. In the diagram shown, each drop- intermediate droplets are deflected proportional 
let receives the same charge and the droplets pass seri- amounts. Thus, the scan direction reverses for the sec- 
ally between a pair of deflection electrodes 14 and 15 ond group of droplets. 

which are each connected to opposite polarities of a If a third group of droplets follows normally spaced 

time sequence deflection signal generator 16. The gen- behind the second group, it enters the region between 

erator periodically energizes plates 14, 15 to create a deflection plates 14 and 15 when the electric field is 

transverse electrostatic field of the polarity indicated. 6Q zero and is scanned when the field is switched on again 

At the moment, it may be assumed that generator 16 by the next positive square wave pulse from generator 

produces square wave pulses which vary between zero 16. The result is a scan moving back and forth in a ver- 

and a positive value. The system is synchronized such tical direction. Naturally the scan can be made to travel 

that the deflection plates are initially uncharged and back and forth in a horizontal direction if the deflection 

the droplets are produced in series in a group. When 65 plates are rotated 90 degrees about the nominal droplet 

the first droplet of the group reaches the end of deflec- path. 

(ion plates 14 and 15, to the right, and is about to FIG. 2 illustrates the relationship between the deflec- 

emerge therefrom, the last droplet of the group has just tion of the groups of droplets discussed above and the 



01/07/2004, EAST Version: 1.4.1 



3,864,692 

5 6 

square wave voltage signal applied to deflection plates accomplished by square wave signals which occur al- 
14 and 15 of FIG, 1. It will be seen that the droplets are ternately, positively and negatively with respect to a 
proportionately deflected in one direction when the zero potential line as indicated in FIG. 4a. The time in 
square wave pulse is present to establish a transverse this example is divided into equal increments with the 
deflection field, and the droplets are deflected in the 5 beginning and ending of the increments designated fl, 
opposite direction when the deflection voltage returns /2, r3, r4. In FIG. 46, a pair of deflection plates 30 and 
to zero, 31 are shown, between which successive groups of seri- 
In FIG. 1 a scheme is shown for deflecting the ink ally arranged ink droplets are directed toward a record- 
droplets back and forth in one dimension, that is, the ing medium not shown. Considering the group of drop- 
vertical direction. Since all the droplets have the same 10 lets denoted by heavy lines, at time rl, a positive square 
charge, it is possible, if required, to provide another wave is applied to deflection plates 30 and 31 for the 
scan direction by passing the droplets between a sec- time 1 1 and tl. As seen in FIG. 4b, the first droplet of 
ond pair of deflection plates, positioned, for example, the series of charge droplets is about to enter the de- 
orthogonal to the first pair of deflection plates. With flection field and will be subjected to the transverse 
this technique, a matrix scan can be created without 15 force of the field during its entire traversal from the bc- 
moving the recording surface. Referring to FIG. 3, a ginning of the deflection plates to the end of the deflec- 
system having two pairs of deflection plates is shown. tion plates. The succeeding three drops will experience 
A stream of equally charged ink droplets is produced the deflection force, each for a slightly less interval of 
using a structure described for FIG. 1. The stream of time and the fifth drop in the series will just start to 
droplets is directed between the first pair of deflection 20 enter the deflection field at time tl when the square 
plates 20-21 which are connected to a p ource of squar e wave signal is terminated. Each of the first four drop- 
wave voltage 23 simil ar to signal source IB or FIG* L lets will have received varying transverse velocity com- 
The droplets are deflected back and forth in a one di- ponents during the passage through the field and during 
mensional scan as described in relation to FIG. 1, ex- the time required for the fifth droplet to travel to the 
cept that the direction of scan is horizontal due to the 25 en d of the deflection field, which is not energized, no 
position of deflection plates 20 and 21, The deflected transverse forces will be experienced by the last five 
droplets emerging from plates 20 and 21 pass between droplets. However, at time /3, a negative square wave 
a second pair of deflection plates 24 and 25 where they is applied to the deflection electrodes and as the last 
are deflected in the second direction such as vertical to four droplets continue in such a field, they will receive 
produce a second scan that is relatively slow. Because 30 transverse velocity components in the direction oppo- 
of the relative slowness of the scan, the droplet transit site to the first four. It will be noted that the center 
time is not critical and the scan can be established by droplet of the series does not experience any deflection 
a field produced by a ramp voltage from a deflection force, since the deflection field was terminated as it en- 
signal I generator 26 connectedTOlrt aTes ^4and 25, ju st tered the plates 30, 31 and the field was energized just 
as with the conv entional catho de ray tube detection 35 as that droplet left the deflection plates. With this tech- 
signal. Transit time or the droplets through deflection nique, a longer matrix can be generated at the record- 
plates 24 and 25 may have the effect of delaying the de- ing surface. 

flection and distorting it for a period equal to the transit The description thus far has indicated that a series of 

time near the leading and trailing edges of those plates. droplets generated should be formed in groups to coin- 

These effects can be nullified by initiating the ramp 40 cide with the regularly recurring deflection field energi- 

voltage before the first active droplet of the complete zation. FIG. 5 illustrates how ink droplets can be 

raster scan enters the electric field region between the formed continuously and then selectively eliminated to 

second set of deflection plates 24 and 25 and ending form groups or to form voids within a group which may 

only after the last active droplet has emerged. be required for the matrix line of a character being 

The deflection voltage from signal generator 26 need 45 formed. Droplets issue continuously from nozzle 35 
not be a ramp voltage; a staircase deflection voltage and pass between charging electrodes 36, then between 
signal such as applied to deflection plates 20 and 21 deflection electrodes 38 and 39 while proceeding to- 
may also be employed provided that deflection plates ward recording medium 40, However, charging elec- 
24 and 25 are long enough to encompass all the drop- trodes 36 are intermittently controlled to place charges 
lets in the raster. Whether a ramp deflection voltage only on certain of the droplets issuing. The uncharged 
signal or a staircase voltage signal is used, a zig-zag ras- droplets, as they pass through the deflection field, can- 
ter is obtained as illustrated on recording medium 27. not be deflected from their nominal path, and will be 

The invention has been described assuming that the collected in a gutter 41 which, as is usual in the art, is 
signal generator produces regularly spaced square - connected by a vacuum pump to the ink supply for the 
waves and that the charged ink droplets are produced nozzle for reuse. Those droplets that are charged will 
continuously. The result was a zig-zag raster scan on be deflected in accordance with the excitation voltage 
the recording medium. If the droplets are produced in on deflection plates 38 and 39. With the apparatus as 
groups of a length sufficient to produce one line of a shown, it is preferable to place a bias voltage on deflec- 
matrix, with a gap created between droplet groups, it 6Q tion plates 38 and 39 to deflect all charged droplets 
will be obvious that parallel lines having a single sweep above gutter 41. The applied control signal can then be 
direction can be produced. With this in mind, another superimposed upon the bias signal to achieve the de- 
modification of droplet control is shown in FIGS. 4a sired droplet deflection. 

and 46. It has been mentioned above that the charge voltage 

IN FIGS. 4a and 4b, there is shown a technique of ex- 65 for droplets at the charging electrode may be asynchro- 

tendtng the line length in a matrix wherein the deflec- nously applied rather than synchronously. By this is 

tion electrodes are half the length of a series of droplets meant that the charge voltage is not applied in timed 

which are to make up the matrix line of print. This is relation with each droplet at breakoff from the filament 
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extending from the nozzle. As seen in FIG. 6, droplets flux paths. In other words, the transverse forces will be 

issue from nozzle 35 and form droplets in the vicinity downward and deflection will occur in proportion to 

of charge electrodes 36 which are controlled by charge the time each droplet is subjected to the applied forces, 

circuit 37. Charge circuit 37 will apply the binary As described with reference to FIG. 1, if successive se- 

(charge or no charge) signal for the time necessary to 5 ries of droplets are formed and directed through the 

charge the droplets required within or for a matrix line magnetic field, a signal such as a regularly applied 

on the recording medium. As both the charged and un- square wave can be used to produce successive parallel 

charged droplets proceed toward the recording me- lines on recording medium 66 if the recording medium 

dium 40, they pass between two pairs of orthogonally is moved laterally of the stream, 

disposed deflection plates. One pair is selection elec- 10 Since it is more practical to generate magnetic ink 

trodes 42 and 43 controlled by selection voltage circuit droplets continuously,.unwanted droplets must be elim- 

44. This circuit is essentially a continuous bias voltage inated. One technique for selective elimination is 

which has the effect of deflecting all charged droplets shown in FIG. 8. Droplets of magnetic ink are formed 

from the uncharged droplets. Simultaneously all drop* by nozzle 61 and directed as in FIG, 7 between pole 

lets proceed between vertically disposed deflection 15 pieces 62 of electromagnet 63 having winding 64. The 

electrodes 38 and 39 which operate with the time de- winding is controlled by time sequence deflection sig- 

pendent on-off deflection signal as described earlier nal generator 65. The ink droplets have a nominal path 

with regard to FIGS. 1-4. Interposed between record- which will impact reco rding medium 66 at the desired 

ing medium 40 and the selection and deflection elec- print area. To this point the structure orFIG. 8 is simi- 

trodes 42, 43 and 38, 39 is a mask or plate 45 which has 20 lar to that of FIG. 7; however, in order to achieve the 

a gutter opening 46 and a print opening 47, Opening 46 selectivity of ink droplets, horizontal selector magnet 

communicates with a duct 48 which returns to a sump, 67 is arranged so that its pole pieces 68 are on opposite 

not shown. Mask 45. is fitted with a collection channel sides above and below the droplet path. The selector 

50 at the bottom thereof which is connected to a duct magnet also has a control winding 69 thereon which is 

51 which likewise returns to the sump. 25 connected with a suitable signal source for intermit- 
In the operation of the structure of FIG. 6, droplets tently applying energizing current to produce a mag- 
issuing from nozzle 35 are either charged or not netic flux field about the droplet path. The selector 
charged depending upon whether they are required for magnet 67 is a thin ferromagnetic material which is less 
printing. Those desired are all charged to a common than the drop-to-drop spacing so that when energized 
level, while those not required are given no charge. As 30 the selector magnet will operate only on a single drop, 
the continuous series of droplets passes into the electric As droplets pass along their nominal path the selector 
field established between electrodes 42, 43, those car- magnet can be intermittently energized which will cre- 
rying a charge will be deflected toward opening 4?_in ate a leftward deflection due to the flux gradient caus- 

^g ask^g^ Droplets uncharged will continue to opening ing the selected drops to depart sufficiently from the 
4FVTrTe"mask and return through duct 48 to the sump 35 desired drops to enter a gutter 70. Desired drops will 
for reuse. Since charging has occurred asynchronously continue to pass between the pole pieces 62 of the ver- 
some droplets, may have received their charge during tical deflection magnet 63 so that ink droplets are de- 
the time of transition from the zero voltage on plates 36 fleeted according to the time subjected to the field of 
to full value or during the transition in the opposite di- magnet 63. Droplets deflected from the nominal path 
rection and not be fully charged or uncharged. These 40 by selector magnet 67 will also be vertically influenced 
droplets when passing between electrodes 42 and 43 by the electromagnet 63 but gutter 70 is made to have 
will be only partially deflected toward opening 47 from a sufficiently long vertical opening to catch such de- 
opening 46 and will impact mask 45 between the two fleeted droplets. 

openings thereby draining into channel 50. When the In certain instances, particularly deflection of mag- 
fully charged droplets reach vertical deflection elec- 45 netic ink, the amount of droplet deviation provided by 
trodes 38 and 39, the desired time deflection signal is an electromagnet may not be sufficient to produce the 
applied or removed from those electrodes to produce length of line scan desired. This may be due to the elec- 
the required vertical change in trajectory. These drop- tromagnet characteristics or the lack of space between 
lets will continue through opening 47 and impact re- the nozzle and recording medium; A technique of ex- 
cording medium 40. Deflection electrodes 38 and 39 tending the scan distance is to superimpose a ramp sig- 
are controlled as described with regard to FIG. 1. nal on the time sequence deflection signal which is ap- 
The technique of time dependent deflection of ink plied to the vertical scan magnet. This, of course, ap- 
droplets is also readily adaptable to printing with mag- plies a greater transverse force to the droplets during 
netic ink, as illustrated in FIG. 7. Magnetic ink is sup- 55 the time that they are within the activating magnetic 
plied from pressurized source 60 to nozzle 61 and is- field. The deflection signal may be longer than the tis- 
sues therefrom as a stream, subsequently breaking into versal time required for a droplet through the magnetic 
droplets. The droplets, however, are not charged as is field. It should also be noted that such a technique is 
the case with electrostatic deflection. The droplets are equally applicable to electrostatic embodiment of FIG. 
directed between the pole pieces 62 of an electromag- 6Q I. Although a ramp has been shown in FIG. 9, other 
net 63 which is energized by winding 64 for selective wave forms may be employed to attain the desired 
periods of time to subject each of the droplets in the se- droplet deflection. 

ries to different durations of transverse forces as the There has been described improved ink jet printer 

droplets traverse the nominal flight path. Energization structure which uses ink droplets having a binary type 

is done with an intermittently controlled signal genera- 65 of charge, being either charged or uncharged and 

tor 65. During their travel, the droplets enter the mag- which permits the use of a simplified deflection circuit, 

netic field of the electrom agent 62 and experience a The technique is also adaptable to magnetic ink jet 

transverse force in the direction of the higher density printers. 
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While the invention has been particularly shown and 
described with reference to preferred embodiments, it 
will be understood by those skilled in the art that the . 
foregoing and other changes in form and details may be 
made therein without departing from the spirit and 5 
scope of the invention. 

What is claimed is: 

1. A fluid drop control system comprising: 

means for directing a series of drops of marking fluid 
of like deflection characteristics along a path; 10 

selectively energizable means adjacent said path for 
establishing a deflection field simultaneously en- 
compassing said drop series and having a force 
component transversely of said path acting to de- 
flect said drops moving along said path; and 15 

means for energizing said deflection means for a pre- 
determined time to subject each drop in said series 
of drops to said transverse force for different times 
for unidirectional deflection and impart to each 
drop in said series a different trajectory from said 20 
path beyond said deflection means according to the 
time subjected to said force. 

2. Apparatus as described in claim 1 wherein said en- 
ergizing means is operable for regular intervals of time. 

3. Apparatus as described in claim 1 wherein said de- 25 
flection means is energizable by electrical signals. 

4. Apparatus as described in claim 1 wherein said di- 
recting means produces drops in a series uniformly 
spaced from each other. 

5. Apparatus as described in claim 1 wherein the en- 30 
ergy supplied by said energizing means is of a constant 
level during said predetermined time. 

6. Apparatus as described in claim 1 wherein said 
means for energizing said deflection means is also oper- 
able to vary the magnitude of energization during each 35 
predetermined time period. 

7. A fluid droplet marking system comprising: 
a recording medium: 

means for directing droplets of marking fluid of like 
deflection characteristics of substantially uniform 40 
size serially along a path towards said recording 
medium; 

selectively energizable deflection means between 
said directing means and said recording medium 
for establishing a force component encompassing 45 
a series of said droplets and acting transversely 
thereon as said droplets are moving along said path 
to deflect said droplets therefrom; and 

means for uniformly energizing said deflection means 
for a predetermined time to simultaneously act on 50 
a plurality of said droplets to induce unidirectional 
deflection and to cause each said droplet in said se- 
ries to be deflected according to the time subjected 
to said force and follow a different trajectory from 
said path toward said recording medium. 55 

8. Apparatus as described in claim 7 comprising. sec- 
ond selectively energizable deflection means between 
said directing means and said recording medium for es- 
tablishing a force component transversely of said path 
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and in a direction different from the force component 
of the first-mentioned deflection means to deflect said 
drops from said path; and 
second means for energizing said second deflection 
means for a second predetermined time for altering 
the trajectory of selected ones of said droplets pass- 
ing from the first deflection means toward said re- 
cording medium. 

9. Apparatus as described in claim 8 wherein said de- 
flection means and said second deflection means are 
arranged to act simultaneously on said droplets when 
energized. 

10. Apparatus as described in claim 7 further includ- 
ing means for inhibiting certain selected droplets from 
said directing means from reaching said recording me- 
dium. 

11. Apparatus as described in claim 7 wherein said 
deflection means is a pair of electrically energizable 
plates on opposite sides of said path and said energizing 
means produces an electrical field therebetween; and 

further including charging means between said di- 
recting means and said deflection means for estab- 
lishing a uniform electrical charge on selected ones 
of said droplets. 

12. Apparatus as described in claim 11 wherein said 
charging means includes a source of binary voltage sig- 
nal selectively operable for applying charging voltage 
only to selected ones of said droplets from said direct- 
ing means, leaving others of said droplets in said series 
uncharged and not deflectable by said deflection 
means; and 

interceptor means located between said directing 
means and said recording medium for intercepting 
and collecting said uncharged droplets. 

13. Apparatus as described in claim 7 wherein said 
energizing means applies a square wave signal to said 
deflection means. 

14. Apparatus as described in claim 7 wherein said 
energizing means includes means to establish a bias en- 
ergy level on said deflection means. 

15. A fluid drop control system comprising: 
means for producing drops of marking fluid having 

like deflection characteristics in a force field and 
directing a series of said drops along a path; 
selectively energizable means adjacent said path for 
establishing a deflection field simultaneously en- 
compassing said drop series and having a force 
component transversely of said path acting to de- 
flect said series of drops moving along said path; 
and 

means for energizing said deflection means for a pre- 
determined time to subject each drop in said series 
of drops to said transverse force for different times 
according to the position of each said drop in said 
series while moving past said selectively energiz- 
able means and impart to said drops unidirectional 
deflection and in different trajectories from said 
path beyond said deflection means. 

***** 
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ABSTRACT 



A multi-jet, ink jet printer having deflection plates at a 
positive or negative potential with respect to ground 
which includes catch chambers for returning unused 
ink to an ink reservoir. Non-information bearing ink 
droplets are passed uncharged to a catch chamber and 
from there through a return conduit system to the ink 
reservoir. To help direct the ink droplets to the catch 
chambers, the catch chambers are mechanically bi- 
ased toward the trajectory of the uncharged droplets 
by placing them at a slight angle with respect to the 
trajectory. To prevent short-circuiting of the deflec- 
tion plates to ground potential, the return conduit sys- 
tem includes denebulization chambers which convert 
the returning ink stream into large drops thus develop- 
ing a high resistance path between the deflection 
plates and the reservoir ink at ground potential. 

10 Claims, 1 Drawing Figure 
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INK RETURN SYSTEM FOR A MULTLJET INK JET plate has associated therewith an intercepting plate 

PRINTER which together with the deflection plate forms a return 

BACKGROUND OF THE INVENTION channel for the unused ink. A high voltage source is 

. . . . coupled to the other deflection plate to provide a po- 

1 . Field of the Invention 5 tentiai difference in the area of 3000 volts between the 
The invention is in the field of the ink jet printers and two plates. To direct non-information bearing ink drop- 
more particularly in ink return systems for such print- lets into the return channel, a uniform bias charge is ap- 
er5, plied thereto, thus each droplet, whether it carries in- 

2. Description of the Prior Art formation or not, is provided with a charge. The prob- 
Ink jet printers have created much interest in the area 1 0 lem with this technique is that the charge on the unused 

of high speed printing. For example, in computer sys- droplets affects the charge on the information bearing 

terns, it is often desirable to print out information at droplets. Further, by requiring one of the deflection 

speeds of up to 4,000 characters per second. Ink jet plates to be at ground potential, a separate pair of de- 

pnnters have this capability and may be used in con- flection plates must be utilized with each nozzle. This 

junction with or in place of conventional CRT type dis- 15 requirement results from manufacturing difficulties as- 

play units, sociated with the positioning of the plurality of nozzles 

In ink jet printing, one or more ink jet producing noz- relatively close together. Still further, very high poten- 

zles, connected to an ink reservoir through a pressure tial sources must be used with the system, 
pump, receive fluid ink under pressure and eject the 

ink in Fine continuous sprays, each of which comprises 20 SUMMARY OF THE INVENTION 
a string of droplets. The continuous ink spray inner- It is an object of the present invention to provide an 
ently breaks up into very small droplets. In some sys- improved multi-jet, ink jet printing apparatus which in- 
terns, the rate and size of these droplets are controlled eludes a novel ink return system of the type which in- 
by vibrating the nozzles; The particular vibration fre- eludes deflection plates formed with catch chambers 
quency is controlled to control the size and spacing of 25 integral therewith. 

the droplets. The stream breaks up into droplets as it To accomplish the above objective, there is provided 
passes through a charging electrode. The potential on a multi-jet, ink jet printing apparatus wherein fluid ink 
the charging electrode is varied in accordance with the stored in an ink reservoir is supplied under pressure to 
information to be printed. As the droplets pass through a plurality of nozzles to produce a continuous ink spray 
the electrode, a charge is transferred to the individual 30 from each nozzle. A moving printing medium is posi- 
droplets, this charge being a function of the potential tioned to receive the ink. Associated with each nozzle 
applied to the charging electrode to thereby produce is a charging electrode and a pair of deflection plates, 
information bearing droplets. Between the charging The ink ejected from the nozzles breaks up into small 
electrode and the moving printing medium upon which droplets as these droplets pass through a charging elec- 
the information bearing droplets impinge, there is gen- 35 trode. The charging electrodes are caused to assume a 
erated a fixed electrostatic field which changes the tra- potential indicative of the information to be printed, 
jectory of the droplets passing therethrough, in accor- When no printing is to take place, the charging elec- 
dance with the charge thereon, whereby the droplets trode is placed at ground potential so that no charge is 
are directed to selected points on the moving printing imparted to the droplets passing therethrough. As 
medium. An example of such a printer is illustrated in 40 droplets pass through a charging electrode at a poten- 
the article by R.L. Gamblin et al, Electrostatic Ink De- tial indicative of information to be printed, a charge is 
flection Bar Code, Printer, IBM Technical Disclosure developed on the droplet, the charge being a function 
Bulletin, Volume II, No. 9, May 1 969, pages of the potential applied to the charging electrode. The 
1736-1737. droplets pass through an electrostatic field created by 
Since the flow of liquid ink is continuous, a catch 43 a pair of deflection plates whereby charged droplets 
basin must be used to gather unused ink. The unused impinge upon the printed medium at selected locations 
ink is that ink which does not carry an information in- 
dicative charge. For the purpose of describing this in- Non-information bearing droplets remain uncharged 
vention, ink jet printers will be classified into two so that they do not interfere with the charge on the in- 
groups, those which position the catch basin between * u formation carrying droplets. The deflection plates are 
the deflection plates and the printing medium and formed with a hollow portion acting as a catch chamber 
those in which the catch basin is integral with the de- for the uncharged, non-information bearing droplets, 
flection plates. In the former type system, exemplified To assist in the catching of uncharged droplets, the de- 
by U.S. Pat. No; 3,484,793, to G.A. W. Weigl, issued flection plates are disposed at a small angle with re- 
Dec. 16, 1969, the droplet trajectory length is long, spect to the trajectory of these droplets, 
creating problems of aerodynamic instability of the Adjacent deflection plates are given respectively a 
dr °P lets * positive and negative potential with respect to ground 
A technique for improving droplet stability is to and adjacent ink jet nozzles share a common deflection 
shorten the trajectory path. A convenient means forac- 60 plate thus reducing the total number of plates needed, 
complishing this is to make the catch basin integral For example, in a system utilizing 60 nozzles and 60 
with the deflection plates thereby permitting the print- charging electrodes, only 61 deflection plates are re- 
ing medium to be placed close to the deflection plates. quired. In that none of the deflection plates is at ground 
Such a system is described in U.S. Pat. No. 3,512,173 potential, the magnitude of the potential applied to any 
to D.E Damouth, issued May 12, 1970. In the 65 one plate can be greatly reduced thus permitting the 
Damouth system a pair of deflection plates are asso- use of less expensive, lower potential sources. That is 
ciated with each nozzle, with one of the plates being instead of using for example a 3000 volt source coupled 
placed at ground potential. The grounded deflection to a deflection plate, the other plate being at ground 
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potential, one plate is coupled to a 4-1 500 volt source Ink collected by the catch chambers 16 flows through 
while the other plate is coupled to a -1500 volt source. openings 18 into either the return conduit 20 or 22 de- 
pending upon whether the fluid has emerged from a 

An opening is provided at the end of each deflection positive or negative potential deflection plate. The con- 
plate to receive fluid collected by the catch chamber. 5 duits may be formed of insulating material for safety 
The opening is coupled to a return conduit system for reasons. However, as uncharged droplets enter a catch 
carrying the unused ink back to the ink reservoir. How- chamber, they assume a charge corresponding to the 
ever, as the ink enters a catch chamber, it assumes a potential on that plate 17. Ink flows out of a deflection 
charge which corresponds to the potential on the plate. plate through return conduit 20 or 22 in the form of a 
So that the returning fluid does not provide a low resis- 10 substantially continuous flow which if it were con- 
tance path between the reservoir ink at ground poten- nected would present a low resistance path between the 
tial, and the deflection plates, thereby presenting a deflection plate and the reservoir ink at ground poten- 
short-circuit path from the deflection plate to ground, tial. If such a low resistance path occurs, shorting out 
denebulization chambers are provided within the re- the deflection plates might result, 
turn conduit system. As used herein denebulization re- 15 To prevent this, there are provided denebulization 
fers to the breaking up of a fluid stream into relatively chambers 24, one coupled in line with each conduit 20 
large drops. These chambers convert the returning sub- and 22. Each chamber, made of insulating material is 
stantially continuous flow of ink into relatively large divided into two compartments 26 and 27. In the first 
drops which present a high impedance to current seek- compartment 26 there is provided material having a 
mg to flow between the deflection plates and the ink 20 high surface tension such as metal wool. The returning 
reservoir,. ink str cam enters this compartment and is emitted 

BRIEF DESCRIPTION OF THE DRAWING therefrom in large drops 28 which impinge upon a 

grounded conductive plate 30 in the second compart- 

The FIGURE illustrates the improved non-shorting ment 27. The conversion of the substantially continu- 
ink return system of this invention. 25 OU s ink stream into separated large drops produces an 

DETAILED DESCRIPTION OF THE PREFERRED extremely high impedance path to the deflection plate 
EMBODIMENTS 17 ' In fact ' the im P edance between the ink reservoir 4 

and the deflection plates increases to a value greater 

Referring to the FIGURE, information received from than 100 megohms. After impinging upon grounded 
information sources 15 is to be printed on a printing 30 conductive plate 30 the fluid passes through conduit 32 
medium 3 by selectively deflecting inking droplets pro- to the ink reservoir 4. In order to aid the return flow of 
duced by a plurality of nozzles 6. To this end, ink 2, ink there is provided the vacuum pump 36 to evacuate 
stored in ink reservoir 4 is supplied in a conventional air in the reservoir 4. 

manner to the nozzje^lnk pump 8 is provided to in- To dry the denebulization chambers for preventing 
troduce the ink intothTnozzles 6 under pressure. The 35 conduction of electrical current from taking place, 
ink forced into the nozzles 6 is then ejected therefrom each chamber 24 includes an aperture 34 through 
toward the printing medium 3. Due to the natural insta- which dry air is forced using any suitable air pump ( not 
bility of the liquid stream 10, the ink inherently breaks shown). The introduction of the dry air dries the cham- 
up into small droplets 12 a short distance from the noz- ber thus decreasing the humidity in the chamber to pre- 
zle. In the vicinity of the ink break-up there is posi- 40 vent electrical current flow. 

tioned a charging electrode 14 coupled to an informa- While the invention has been particularly shown and 
tion signal source 15. The information signal source described with reference to a preferred embodiment 
provides a potential on its associated charging elec- thereof, it will be understood by those skilled in the art 
trode indicative of the information which is to be that various changes in form and details may be made 
printed. In its simplest form, the information signal 45 therein without departing from the spirit and scope of 
source may be a ramp generator selectively turned on the invention, 
or off. As the ink droplets 12 pass through a charging What is claimed is: 

electrode 14, they assume a charge which is a function 1. In an electrostatically deflected ink-jet printer pro- 
of the potential on the charging electrode. The ink viding a continuous spray of ink droplets, a method for 
stream 10 is continuous and when no information is to ™ controlling the interception of said ink droplets with a 
be printed on document 3, the potential on a charging printing medium comprising the steps of; 
electrode 14 is at ground and thus uncharged ink drop- a. providing deflection plates at a non-zero potential 
lets emerge from the charging electrode. To collect the for generating an electrostatic field, each plate in- 

uncharged ink droplets, each deflection plate 17 is pro- eluding a catch-chamber, 

vided with a catch chamber 16 for receiving the un- b, imparting an electric charge to only those droplets 
charged droplets. Each nozzle 6 is mechanically aimed which are to intercept said printing medium, 

at a catch chamber 16. Two deflection plates are asso- c : directing the uncharged droplets to a catch- 
ciated with each nozzle and create a fixed electrostatic chamber 

field which alters the trajectory of charged droplets. d. breaking the ink received by the catch-chamber 
One of these plates is at a potential positive with re- into drops to thereby cause the ink to form a high 

spect to ground while the other is at a potential nega- impedance return path to the deflection plates, 

tive with respect to ground. To aid in the catching pro- e. passing each drop over a ground plate whereby the 
cess, the deflection plates are positioned at a slight charge acquired, by the ink upon passing through 

angle with respect to the trajectory of the droplets. As 6 , the catch-chambers of the deflection plates is neu- 
illustratcd in the FIGURE, cuch of the deflection plates tralized and 

17 is positioned at an angle of approximately 3° with f. collecting the neutralized drops of ink in a reser- 
respect to the trajectory of uncharged droplets. voir. 
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2. The method of claim 1 further including the step 
of disposing said deflection plates at a slight angle with 
respect to the trajectory of the uncharged droplets. 

3. In an electrostatically deflected ink-jet printer of 
the type including at least one nozzle for ejecting ink 
toward a printing medium, a charging electrode for se- 
lectively charging ink droplets, and an electrostatic 
field for deflecting the ink droplets from their trajec- 
tory an amount proportional to the charge thereon, the 
improvement comprising: 

a. electrostatic deflection plate having a non-zero po- 
tential thereon for generating said electrostatic 
field, each of said deflection plates including a 
catch-chamber for intercepting and collecting sub- 



10 



first conduit said second cohtainei; receiving ink from 
said second conduit. 

6. The ink jet printer of claim 5 wherein at least one 
plate of each pair of deflection plates associated with 
a nozzle forms one plate of another pair of deflection 
plates associated with another nozzle. 

7. The ink-jet printer of claim 3 wherein each of said 
deflection plates is hollow, the hollow portion of the 
deflection plate forming trie catch-chamber. 

8. In an electrostatically deflected ink-jet printer of 
the type including at least one nozzle for ejecting ink 
toward a printing medium, a charging electrode for se- 
lectively charging ink droplets, and an electrostatic 
field for deflecting the ink droplets from their trajec- 



stantially uncharged droplets, said collected drop- | 5 , r0r aeI,CC f lm * »c ink droplets from their trajec- 
lets thereby assuming a charge dependent upon the an am ° Unt P ro P ortlonai to <*arge thereon, the 

potential of said plate, 



20 



b! a reservoir, held at substantially zero potential, for 
storing said ink to be fed through said at least one 
nozzle, and 

c. a return conduit system for returning the said ink 
collected by said catch-chambers to said reservoir, 
said return conduit system comprising, 

i. a container means, receiving said collected ink in 

a substantially continuous flow, for emitting said 25 
received collected ink in separate and discrete 
droplets which are relatively large compared to 
said ink droplets collected by said catch- 
chamber, to thereby result in a relatively large 
electrical impedance path through said ink in 30 
said return conduit system between said catch- 
chamber and said reservoir, and 

ii. means insulating said container means from said 
reservoir. 

4. The ink-jet printer of claim 3 wherein said deflec- 
tion plates are disposed at a slight angle with resepect 
to the trajectory of said substantially uncharged drop- 
lets. 

5. The ink jet printer of claim 3 wherein there are a 



35 



improvement comprising: 

a. electrostatic deflection plates having a non-zero 
potential thereon for generating said electrostatic 
field, each of said deflection plates being provided 
with a catch-chamber for intercepting substantially 
uncharged droplets; 

b. an ink return conduit system receiving the ink col- 
lected by said catch-chamber, 

c. a container for receiving ink from said conduit sys- 
tem in a substantially continuous flow, said con- 
tainer comprising a compartment including means 
for collecting the received ink and emitting it in the 
form of drops, so that the ink forms a high impe- 
dance return path to said deflection plates, said 
container further comprising another compartment 
including a grounded conductive plate for receiv- 
ing said ink drops whereby the charge on the ink 
drops acquired upon passing through the catch- 
chambers of the deflection plates is neutralized, 
and 

d. an ink collecting reservoir for receiving the ink 
drops after they pass through said container. 

9. The ink-jet printer of claim 8 wherein said con- 



" • — j ~* mcic «»c a <*• »»»^ *n*v-jwv pnuuci ui uiuiiu o wnerein saia con- 

plurality of nozzles, a pair of said deflection plates 40 tainer is formed from non-conductive materials and 

beine associated with each nn??}p pnr»h /4»flor*t*/™ ivhprpin caM />r«mn<i«*mA n » u:_u r ... _ 



being associated with each nozzle, each deflection 
plate being either at a positive or negative potential 
with respect to ground, said conduit system comprising 
a first conduit coupled to the catch chambers of said 
negative potential deflection plates and a second con- 45 
duit coupled to the catch chambers of said positive po- 
tential deflection plates, further including first and sec- 
ond of said containers for receiving ink from said con- 
duit system, said first container receiving ink from said 

50 



wherein said compartment includes high surface ten- 
sion material and said another compartment includes 
an inlet port for receiving dry air and an outlet port 
coupled to said reservoir. 

10. The ink jet printer of claim 9 wherein said reser- 
voir includes an air outlet port for connection to subat- 
mospheric pressure and an ink outlet port for returning 
ink to said nozzle. 



55 
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[57] ABSTRACT 

A nozzle apparatus for producing flexible fibers of su- 
perconducting material receives melted material from a 
crucible for containing a charge of the superconducting 
material. The material is melted in the crucible and falls 
in a stream through a bottom hole in the crucible. The 
stream falls through a protecting collar which maintains 
the stream at high temperatures. The stream is then 
supplied through the downwardly directed nozzle 
where it is subjected to a high velocity air flow which 
breaks the melted superconducting material into liga- 
ments which solidify into the flexible fibers. The fibers 
are collected by blowing them against a porous cloth. 

11 Claims, 4 Drawing Sheets 
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good technique for mass production. In the fiberization 

NOZZLE FOR SUPERCONDUCTING FIBER method, Bismuth based compounds were melted and 

PRODUCTION fiberized using a gas jet. Fibers typically 100 jim to 200 

jim in diameter and 5 mm to 10 mm in length were 

This invention was made with government support .5 produced using the nozzle of U.S. Pat. No. 4,828,465. 

under a contract with the Department of Energy The fibers were very brittle and did not have a large 

(DOE) and Ames Laboratory, Contract No. SC-89-174, length-to-diameter ratio, however. Small pieces of thin 

our Reference No. CRD-1234. The government has film, strip, tape and wire have been produced from the 

certain rights in this invention. superconducting materials. However, methods and ap- 

This is a continuation of application Ser. No. 10 paratus still need to be developed to put the small pieces 

07/648,462 filed Jan. 31, 1991 now abandoned, of wire and tape into commercially-useful HTSC de- 

FIELD AND BACKGROUND OF THE ViCCS ' TheSC materials are not Produced in bulk quanti- 

rlELD AND BACKGROUND Or THE fa an(J continue t0 sufFer from the prob i em s of brittle- 

ness, which are hampering the transfer of production 

The present invention relates in general to supercon- 15 from the laboratory to industry, 

ducting material, an in particular to a new and useful - QTTMMAPV nTr TWP rwvPMTinv 

. method and apparatus of producing elongated flexible SUMMARY OF THE INVENTION 

fibers from such material. A main object of the present invention is to provide 

U.S. Pat. Nos. 4,299,861 and 4,078,747 produce flexi- high-temperature superconducting (HTSC) fibers with 

ble superconductor fibers by providing a superconduc- 20 better mechanical properties (flexibility) than currently 

ting layer on a carbon fiber. U.S. Pat. No. 4,861,751 is available. The flexibility makes these fibers more useful 

similar in that the superconductor is formed as a sheath in producing multi-filamentary superconducting com- 

of superconducting oxide exterior to a core of amor- posite wires which can be used in many commercial 

phous metal alloy. U.S. Pat. No. 3,95 1,870 also relates to applications. The composite superconducting wires 

preparing a flexible superconductor fiber by the chemi- 25 require fibers with diameters on the order of a few 

cal conversion of a precursor carbon fiber by the high microns and length-to-diameter ratios in the range of 

temperature reaction of a carbon yarn with a transition 1,000 to 10,000. The fine fibers produced from HTSC 

metal such as NbCls, H2, N2. U.S. Pat. No. 4,378,330 materials are incorporated into a normal metal matrix to 

discloses a process for preparing a composite supercon- form the composite multi-filamentary conductor. Dav- 

ducting wire to form a plurality of very fine ductile 30 idson, Tinkham and Beasley (IEEE Trans. Magn. 

superconductors in a ductile copper matrix. U.S. Pat. MAG-11, 276, 1975) have shown that the effective con- 

NO. 4,939,308 discloses an electrodeposition method ductivity of such a superconductor-normal metal com- 

for forming a superconducting ceramic. U.S. Pat. NO. posite is increased over the normal metal conductivity 

4,866,031 discloses a process for making 90* K. super- by the square of the length-to-diameter ratio of the 

conductors from acetate precursor solutions. 35 fibers, [o-~ 1/d 2 ]. This means that a composite of super- 

None of these references, however, addresses the conducting filaments 1 cm long and 10 urn in diameter 

problem of fiber brittleness where the fiber is of super- embedded in a copper matrix will give a conductivity 

conducting material only. one million times greater than that of copper alone. If, 

U.S. Pat. No. 4,828,469 to one of the coin vcn tors in addition, there is a significant proximity effect, in 

here, and which is owned by the assignee of the present 40 which superconductivity is induced in the copper ma- 

application, discloses an improved nozzle for the pro- trix, true supcrcurrents will flow. The goal here is to 

duction of alumina-silica ceramic fibers. The supercon- develop a process for the preparation of long slender 

ducting fibers produced with this nozzle are extremely fibers of the high temperature superconductors for use 

brittle. in those composites. 

Also, see the article entitled "Preparation of Super- 45 Accordingly, another object of the present invention 
conducting Bi-Sr-Ca-Cu-O Fibers" by LeBeau et al., is to provide a method of producing flexible fibers of 
AppL Phys, Lett., 55 (3) 17 July 1989, which discloses superconducting material, comprising: melting a super- 
long slender fibers of superconducting Bi compounds conducting material; dropping a stream of the melted 
but which lacks the specific disclosure of the present superconducting material into a vertically extending 
application for creating these fibers. 50 barrel; blowing gas downwardly through the barrel at a 

Major advances have been made in the development sufficient rate to transform the melted superconducting 

of high-temperature superconductor (HTSC) materials material in the barrel, into fine ligaments which cool 

based on copper-bearing oxides such as YiBa2Cu307 and solidify in the barrel to form flexible fibers; and 

and Bi2Sr2CaiCu20 A . These and other raw materials collecting the flexible fibers. 

have been processed using a wide variety of techniques 55 A further object of the present invention is to provide 

in an attempt to produce useful engineering devices. an apparatus for producing flexible fibers of supercon- 

Some of the processing techniques used include plasma ducting material which comprises a nozzle of special 

spraying, sputtering, sol-gel, laser pedestal growth, wire construction and design which has been found to be 

and strip manufacturing and fiberization. In the plasma critical for producing the flexible superconducting fi- 

spraying and sputtering methods, the HTSC material is 60 bers, 

deposited on a substrate to produce a thin. film. In the The various features of novelty which characterize 

laser-heated pedestal growth method, the HTSC pow- the invention are pointed out with particularity in the 

der is pressed into pellets and sintered and small rods are claims annexed to and forming a part of this disclosure, 

cut from the pellets. A laser is used to melt the top of the For a better understanding of the invention, its operat- 

rod and a seed crystal is placed in the melt. The wire is 65 ing advantages and specific objects attained by its uses, 

grown by withdrawing the seed at a controlled rate reference is made to the accompanying drawings and 

between 1.5 and 50 mm/hr. This method is extremely descriptive matter in which the preferred embodiments 

slow and therefore does not lend itself to becoming a of the invention are illustrated. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
In the drawings: 

FIG. 1 is a schematic sectional view of an apparatus 
constructed in accordance with the present invention, 5 
for practicing the method of the present invention; 

FIG. 2 is a time elapse, composite view of how a 
droplet deforms under the influence of the gas stream in 
a barrel of the blowing nozzle; 

FIG. 3 is a graph plotting, the inverse of the LaPlace 10 
number against the Weber number for droplet breakup 
mechanisms; 

FIG. 4 is a sectional view of the nozzle constructed in 
accordance with the present invention; and 

FIG. 5 is a partial sectional view of the nozzle, on an 15 
enlarged scale. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring to the drawings in particular, the invention 20 
embodied in FIG. 1 comprises an apparatus generally 
designated 10 for producing flexible fibers of supercon- 
ductor material 30, in accordance with the method of 
the present invention. 

Bi2Sr2CajCu20, (Bi 2212) high-temperature super- 25 
conducting material in powder form is melted in an 
alumina crucible 12 using an electric furnace 14 of the 
apparatus 10. The Bi 2212 melts completely at 1650° F. 
(phase change). The melt, however, is superheated to 
1720°- 1740° F. to reduce its viscosity. Once the melt is 30 
well established, it flows freely at 18 from a small hole 
16 at the bottom of the alumina crucible 12. The melt 
forms a continuous stream which might break up into 
separate droplets at 20. The melt falls through a high- 
temperature ceramic collar 22 in the furnace, which is 35 
used to stabilize the melt stream and prevent it from 
wavering. The molten stream is then subjected to a high 
velocity fiberizing air stream 24 inside a blowing nozzle 
26 mounted in the vertical direction. The high velocity 
air generates enormous shearing rates on the surface of 40 
the molten stream which transform the Bi 2212 melt 
into fine ligaments. The ligaments in the molten/glassy 
state undergo further shearing and cooling inside a 
barrel 28 of the nozzle 26. The filaments become long 
and thin and reach complete solidification producing 45 
fibers 30, Some of the melt produces small flakes and 
nearly spherical shot. The blown material is collected 
downstream on a porous cloth 32 in a vented collecting 
chamber 34. The blowing nozzle 26 is a modification of 
the nozzle in U.S. Pat. No. 4,828,469. The modified 50 
nozzle is here designed specifically to accommodate the 
thermal and fluid characteristics of the Bismuth-based 
superconductor melts; namely, to match the viscous 
behavior and cooling characteristics of these melts. 
Furthermore, the new nozzle is designed to bring the 55 
high velocity shear layer in close proximity of the drop- 
lets so that fine fibers are stripped from the melted su- 
perconducting material. The objective of the modified 
nozzle is to obtain thin fibers with length-to-diameter 
ratios in the range of 1,000 to 10,000. The produced 60 
fiber is very flexible and ranged in diameter from 1 to 10 
microns (fim) with lengths of about 25 to 50 millimeters. 
The nozzle is operated at supersonic speeds and with an 
air supply 36 sufficient to produce pressures between 10 
and 20 psig for best results. 65 

The present invention addresses one of the major 
obstacles facing the development of high-temperature 
superconductors; namely, the problem of brittleness. 
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Most of the materials produced from HTSC powders 
exhibit poor mechanical properties and therefore can- 
not be used reliably in commercially-useful devices. In 
addition, these materials have only been produced in 
simple shapes, such as small pieces of wire, tape and thin 
film and methods of mass production are still lacking. 
The flexible fibers of the invention can reliably be made 
on a mass production basis using the gas jet blowing 
technique. 

The major advantages of the present invention are 
that: the fibers formed from the HTSC material are very 
flexible which permits the formation of rope and other 
forms of fiber bundles which can be flexibly shaped into 
useful applications, such as for motors, generators, 
transformers, magnets, power lines, levitated trains and 
medical imaging systems. 

Long slender fibers are an attractive shape for a su- 
perconducting material because they can be combined 
into a superconducting-normal metal composite having 
an enormous overlap area for current transfer between 
fibers. Also the 1-10 micron (ftm) diameters and length- 
to-diameter ratios of 1,000 to 10,000 of these fibers are 
ideal for the development of multi-filamentary super- 
conducting wire. 

Although the present invention has been described in 
terms of the Bismuth 2212 HTSC material, fibers can 
also be produced from the Bismuth 1112, lead-bearing 
bismuth compounds and other non-bismuth-based mate- 
rials. Newly-developed and existing superconducting 
material could also be suitable candidates for the pro- 
duction of flexible fibers as long as they possess the 
appropriate thermal and fluid properties for good fiber- 
ization. 

Returning now to FIG. 1, the apparatus 10 includes 
an insulated sleeve of high temperature refractory mate- 
rial 38 which contains a central passage 40 in which the 
crucible 12 and collar 22 are positioned. This chamber is 
surrounded by a heating coil 42 which is connected to 
an electric power supply 44, for heating the crucible 
and collar to the melting temperatures of the material in 
the crucible and above. 

A temperature sensor 46 is advantageously connected 
to the crucible 22 for sensing the temperature of the 
crucible, and a pressure sensor 48 is connected to an 
inlet chamber 50 of the nozzle 26. A converging deflec- 
tor or disc 52 is positioned within inlet chamber 50 for 
deflecting the air supply 36 downwardly in the direc- 
tion of flow 24, for transforming the stream droplets 20 
into ligaments which solidify in the barrel 28 and form 
fibers 30. 

A collecting air or gas supply line 54 also directs air 
or other gas against the collecting cloth 32. This air is 
vented from the collecting chamber 34 through an ex- 
haust 56. 

In practicing the present invention, it was found that 
the temperature of the superconducting material in the 
crucible must be raised up to 100° above its melting 
point to ensure that the melt is sufficiently fluid to flow 
through the opening in the crucible 12. Only after the 
higher temperature range was reached, was a plug (not 
shown) in the opening 16 removed to initiate the stream 
18. 

It was also important to investigate droplet forma- 
tion. There are several distinct mechanisms for droplet 
breakup depending on the value of the Weber number 
(We) and LaPlace number (La) which are expressed by 

We=(p,U 2 D)Ar 1) 
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l/La = u 2 /<rpD 2) 

where p a is the air density, U is the local air velocity, <r 
is surface tension, p is melt density, p. is melt viscosity 5 
and D is the diameter of the undisturbed droplet. The 
Weber number is the ratio of the aerodynamic force to 
the droplet surface tension and the inverse LaPlace 
number is the ratio of the viscous force to the surface 
tension force on the droplet. 10 

The manner in which liquid droplets disintegrate is 
found to depend on the range of the Weber number as 
shown in FIG. 3. For Weber numbers under about 10 
there is no breakup; between about 10 and 25 there is a 
bag mode; between 25 and 50 there is an umbrella mode; IS 
between 50 and about 1000 there is a stripping of liga- 
ments from the periphery of the deformed droplet; 
above 1000, atomization begins. Ligament type breakup 
is desirable for fiber production because it yields more 
fibers and less shot. FIG. 2 shows the ligament mode 20 
breakup. For this reason, the liquid does not solidify 
until the last stage where filaments and shot of the high 
temperature superconductor are formed. For 1/La less 
than 0.01, ligament formation and fiberization requires a 
Weber number in the range of 70, and the effect of the 25 
LaPlace number was found experimentally to be small 
as shown in FIG. 3. For inverse LaPlace numbers 
greater than 0.0 1, the Weber number must be some- 
what larger to achieve fiberization. 

According to the invention, in addition to reducing 30 
the viscosity of the melted superconducting material, 
down to about 1 poise at the superheated level, it is also 
important to utilize a nozzle 26 of particular dimensions 
and design which have been found by the inventors to 
be critical. 35 

Referring now to FIGS. 4 and 5, nozzle 26 is structur- 
ally similar to the nozzle disclosed in U.S. Pat. No. 
4,828,469, which was mentioned above, however the 
inventors have found that a careful selection of the 
relative dimensions and positions for the elements of the 40 
nozzle are critical to forming superconducting fibers 
that are flexible and which also have the desired length- 
to-diameter ratio. The nozzle is designed specifically to 
accommodate the thermal and fluid characteristics of 
the Bismuth-based superconductor melts, namely to 45 
match the viscous behavior and cooling characteristic 
of these melts. The Bismuth-based and other high tem- 
perature superconductor materials have a relatively 
narrow fiberization temperature window due to the 
sharp change of melt viscosity with temperature com- 50 
pared to glasses and alumina-silica melts. Therefore, the 
nozzle of the present invention is placed in the vertical 
direction immediately, beneath the furnace to prevent 
the melt stream/droplets from cooling before they 
reach the blowing nozzle 26. 55 

Furthermore, the nozzle of the present invention is 
designed to bring the high velocity shear layer of air in 
close proximity to the droplets so that fine fibers are 
stripped from the melted superconducting material as 
illustrated in FIG. 2. 60 

Returning now to FIGS. 4 and 5, the various dimen- 
sions which are illustrated in the Figures have been 
found to have the following optimum values, for mak- 
ing flexible fibers of superconducting material having 
the desired characteristics setforth in this disclosure: 



Barrcll inside inlet diameter a = 1.25" 



-continued 



Barrell. inside outlei diameter 


b «= 


1.60" 


Barrel! length 


c = 


13.80" 


Barrell bore taper angle 


d o 


0.73* 


Disc inside inlet diameter 


e = 


2.00" 


Barrel outside inlet diameter 


f = 


1.61" 


Disc inside outlet diameter 


g = 


1.102" 


Disc axial length 


h = 


0.844" 


Disc minimum annular outlet thickness 




0.O40" 


Axial overlap between disc and barrel 


j = 


0.140" 


Radial annular gap between disc outlet and 


k = 


0.034" 


barrel 






Air chamber inside diameter 


m = 


. 2.09" 


Axial length of barrel in air chamber 


n » 


1.6*7" 


Chamber axial length 


0 w 


1.82" 


Minimum annular gap between disc and barrel 


q « 


0.02" 


Radius of barrel inlet end 


Rl - 0.09" 


Disc inlet passage radius 


R2 « 1.50" 


Disc outside radius 


R3 « 0.344" 



Of these measurements, the most critical is the mini- 
mum annular gap q of about 0.02" which has been found 
to be particularly instrumental in achieving the fibers of 
the desired characteristics. The other dimensions are 
also important. 

While a specific embodiment of the invention has 
been shown and described in detail to illustrate the 
application of the principles of the invention, it will be 
understood that the invention may be embodied other- 
wise without departing from such principles. 

What is claimed is: 

1. A nozzle for producing flexible fibers of high tem- 
perature superconducting material, comprising: 

a deflector disc having a passage therethrough with 
an inlet end for receiving melted superconducting 
material from a crucible, and an outlet end, said 
passage decreasing smoothly and continuously 
from said inlet end to said outlet end; 

a barrel having an inlet end extending around the 
outlet end of said disc and defining an annular gap 
of about 0.02" between said disc and the inlet end 
of said barrel; and 

a housing around said disc and around the inlet end of 
said barrel defining an air chamber around the inlet 
end of said barrel for receiving air which passes 
through said annular gap into said barrel, said hous- 
ing being positioned immediately beneath a furnace 
containing the crucible so as to place said inlet end 
of said deflector disc vertically beneath the cruci- 
ble to prevent the melted superconducting material 
from cooling when it passes therethrough, wherein 
the nozzle receives the melted superconducting 
material to produce flexible superconducting fibers 
having diameters of from about 1 to 10 microns and 
length-to-diameter ratios of from about 1,000 to 
10,000. 

2. A nozzle according to claim 1, wherein the outlet 
end of said disc axially overlaps the inlet end of said 
barrel by about 0. 140", 

3. A nozzle according to claim 2, wherein the outlet 
end of said disc radially overlaps the inlet end of said 
barrel by about 0.034", 

4. A nozzle according to claim 1, wherein said inlet 
end of said deflector disc has a diameter of about 2 
inches. 

5. A nozzle according to claim 1, wherein said outlet 
end of said deflector disc has a diameter of about 1.102 
inches. 

6. A nozzle according to claim 1, wherein said inlet 
end of said barrel has a diameter of about 1.25 inches. 
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7. A nozzle according to claim 1, wherein said barrel 
further comprises an outlet end having a diameter of 
about 1.60 inches. 

8. A nozzle according to claim 1, wherein said barrel- 
has a length of about 13.80 inches. 

9. A nozzle according to claim 1, wherein said barrel 
further comprises a bore having a taper angle of about 
0.73'. 



8 



10. A nozzle according to claim 1, wherein said de- 
flector disc includes a bore being defined by a continu- 
ous circumferential surface having a radius in axial 
cross-section of about 1.50 inches. 

11. A nozzle according to claim 1, further comprising 

an air supply for supplying air to the air chamber 

around the inlet end of said barrel to produce a pressure 

between about 10 and 20 psig. 

* * « * * 
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An improved method and apparatus for producing flexible 
fibers (30) of superconducting material includes a crucible 
(12) for containing a charge of the superconducting material. 
The material is melted in the crucible (12) and falls in a 
stream (18) through a bottom hole (16) in the crucible (12). 
The stream (18) falls through a protecting collar (22) which 
maintains the stream (18) at high temperatures. The stream 
(18) is then supplied through a downwardly directed nozzle 
(26) where it is subjected to a high velocity of a heated gas 
(36') which breaks the melted superconducting material into 
ligaments which solidify into the flexible fibers (30). The 
fibers (30) are collected by directing them against a collec- 
tion filter (32). 

8 Claims, 7 Drawing Sheets 
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FIG. 2 




FIG. 3 
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Fibers Produced with 260°C Air (500X). 

FIG. 7 




Fibers Produced With Ambient Air (500X). 

FIG. 8 
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Fibers Made With Argon Gas 

FIG. 9 




Fibers Made with Helium Gas 



FIG. 10 
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SUPERCONDUCTOR FIBER ELONGATION extremely slow and therefore does not lend itself to becom- 

WITII A HEATED INJECTED GAS ing a good technique for mass production. 

In the fiberization method. Bismuth based compounds 

This application is a continuation-in-part of U.S. patent were melted and fibexized using a gas jet Fibers typically 

application Ser. No. 07/648,461, filed Jan. 31, 1991, now 5 100 um to 200 urn in diameter and 5 mm to 10 mm in length 

abandoned were produced using the nozzle from U.S. Pat. No. 4.828. 

This invention was made with Government support 469. The fibers were very brittle and did not have a large 

under a contract with the Department of Energy (DOE) and length-to- diameter ratio, however. Small pieces of thin film. 

Ames Laboratory, Contract No. SC-9 1-225. our reference strip, tape and wire have been produced from the supercon- 

number CRD- 1272. The Government has certain rights in 10 ducting materials. 

this invention. with the development of gas fiberization techniques by 

nArirrwnirKm hptot TMvwrrnw 7,1(5 Babcock & Wilcox Company, the preparation of the 

BACKGROUND OF THE INVENTION Wgh Kwpexznue superconductor Bi 2 Sr 2 Ca from the 

1. Field of the Invention tnelt became possible. The advantage of such an approach 
The present invention relates in general to superconduct- 15 ° ver conm^y utihzed powder sintering processes is that 

ing material, and in particular to a new and improved the material produced is (for practical purposes) amorphous 

method and apparatus of producing elongated flexible fibers ™* Transformation of the amorphous 

from such material. product by crystallization via thermal treatment can be 

tx - ^ * *t_ r. i 4 * achieved reliably. Also, much higher densities than can be 

2. Description of the Related Art 20 achievcd from ^^0™! processing are observed for the 
U.S. Pat Nos. 4.299,861 and 4,078,747 produce flexible fiber material. A higher integrity structure with better current 

superconductor fibers by providing a superconducting layer transport properties can be manufactured from such a start- 
on a carbon fiber. U.S. Pat No. 4,861,751 is similar in that j Dg stock material 

me sur^oanductor is formed asa sheam of sur^onduc^g ft fa toM)lc ^ ^ a fi5eri2ation techni t0 

2"^ Sff^V °°?? f T**™ m "? ^ complete the transformaUon of the molten droplet to a 

No. 3.951 870 also relates to preparing a flexible supercon- COf £ fctcl m lca ^ fiba b ^ lhe f^er ball 

**T ^ £ y ?\ C i ««veBion of a precursor ^ ^ (0 molten un|fl lete fiber rmsSmaaSk}n is 

carbon fiber by the high temperature reaction of a carbon completed 
yarn with a transition metal such as NbO,, H 2 . N 2 . VS. Pat 

No. 4378330 discloses a process for preparing a composite 30 SUMMARY OF THE INVENTION 

superconducting wire to form a plurality of very fine ductile _ . . 

superconductors in a ductile copper matrix. U.S. Pat No. Tbx present mvention solves the aforementioned problem 

4.939308 discloses an electrodeposition method for form- * s ™" " ?*" * a !\ eater , ^J™?' 

ing a superconducting ceramicMJ.S. Pat No. 4.866.031 hcat ^ * c P"™*? *" "J? of *e fiberization 

discloses a process for making 90° K. superconductors from 35 »<>f ™ e 8" ^^TJf l djUSted ,0 ^ 1,16 *«* ° f 

acetate precursor solutions. material intended to be fibenzed, 

Noneof meseref<^c«. however. addresses Ihe problem t 0ne of 11,6 ^ Dt *™!?°° * » P rov " c ' 

of fiber brittleness where the fiber is of superconducting tem P«^ TT'^-iK? -^f 

material only mechanical properties (flexibility) than currently available. 

y * . . t . 40 The flexibility makes these fibers more useful in producing 

U.S. Pat No. 4.828.469, which is owned by the assignee ^tf.fiknrcntary superconducting composite wires which 

of the present application, discloses an improved nozzle for can be used in many commercial applications. The compos- 

tbe production of alumina-silica ceramic fibers. The fibers ite supCTCOnduclmg wires require fibers with diameters on 

from superconducting material produced with this nozzle are me of a few microns and Length-to-diameter ratios in 

extremely brittle. 45 mc nogG of 1<000 to 1M00 . The fine fibers produced from 

Also, see the article entitled "Preparation of Supercon- HTSC materials are incorporated into a normal metal matrix 

ducting Bi-Sr-Ca-Cu-0 Fibers" by LeBeau, et aL, AppL to form the composite multi-filamentary conductor. 

Phys, Lett^ 55 (3) 17 Jul. 1989, which discloses long slender Davidson, Tlnkham and Beasley (IEEE Trans. Magn. MAG- 

fibers of superconducting Bi compounds but which lacks the 1 1, 276, 1975) have shown that the effective conductivity of 

specific disclosure of the present application for creating such a superconductor-normal metal composite is increased 

these fibers. over the normal metal conductivity by the square of the 

Major advances have been made in the development of length-to-diameter ratio of the fibers, (o-l/d 2 ]. This means 

high-temperature superconductor (HTSC) materials based that a composite of superconducting filaments 1 cm long and 

on copper-bearing oxides such as YjBa^CujO? and 10 cm in diameter embedded in a copper matrix will give a 

Bi 2 Sr 2 Ca 1 Cu 2 O x . These and other raw materials have been 55 conductivity one million times greater than that of copper 

processed using a wide variety of techniques in an attempt alone. If, in addition, there is a significant proximity effect, 

to produce useful engineering devices. Some of the process- in which superconductivity is induced in the copper matrix, 

ing techniques used include plasma spraying, sputtering. true super currents will flow. The goal here is to develop a 

sol-gel. laser pedestal growth, wire and strip manufacturing process for preparation of long slender fibers of the high 

and fiberization. In the plasma spraying and sputtering 60 temperature superconductors for use in those composites, 

methods, the HTSC material is deposited on a substrate to Accordingly, another object of the present invention is to 

produce a thin film. In the laser-heated pedestal growth provide a method of producing flexible fibers of supercon- 

method, the HTSC powder is pressed into pellets and ducting material, comprising: melting a superconducting 

sintered and small rods are cut from the pellets. A laser is material; dropping a stream of the melted superconducting 

used to melt the top of the rod and a seed crystal is placed 65 material into a vertically extending barrel; blowing a heated 

in the melt The wire is grown by withdrawing the seed at a gas downwardly through the barrel at a sufficient rate to 

controlled rate between 1.5 and 50 rnm/hr. This method is transform the melted superconducting material in the barrel. 
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into fine ligaments which form flexible fibers; and collecting electric resistance furnace. The powder is compacted and 

the flexible fibers addcd m Palletized form. The pellets are charged directly 

A further object of the present invention is to provide an ■ Pleated crucible assembly to t^^cur- 

z\ turnip uuj^vi vi y rence of possible deleterious chemical reactions between the 

apparatus for producing flexible fibers of superconductuig ch ^ xeriaX ^ 0I ioss of alloying constituents, 

matenal which comprises a heater providing heated gas into 5 ^ ^ such as Fotects mc mo lten bath from 

the primary gas side of a nozzle of special construction and rcaction with oxygcn which maintains me lt purity. The 

design which has been found to be critical for producing the malerial is xaieWeA and heated sufficiently to insure that the 

flexible superconducting fibers. mclt is of uniform temperature prior to fiberization. 

Still a further object of the present invention is to provide ^ ^ Bi 22 12 melts completely at 1650° R (phase change), 

a method and apparatus which completes the transformation ^ nowever< i s superheated to 1720° F-1740 0 F. to 

of a molten droplet in a gas fiberization technique to a re<UJCC its viscosity. Once the melt is well established, it 

completely full length fiber by allowing the feeder ball flows freely at (jg^from a small hole (16) at the bottom of 

droplet to stay molten until complete fiber transformation is (he crucible (12). The melt forms a continuous 

completed. 15 stream which might break up into separate dro plets at (20) . 

The various features of novelty which characterize the The melt falls through a high-temperature ceramic collar 

invention are pointed out with particularity in the claims (22) in the furnace, which is used to stabilize the melt stream 

annexed to and forming a part of this disclosure. For a better and prevent it from wavering. The molten stream is then 

understanding of the invention, its operating advantages and gtiKj^^ to ^ hiph velocity fi berizing gas stream (24) inside 

specific objects attained by its uses, reference is made to the 2Q a blowing nozzle (26) mounted in the vertical direction . The 

accompanying drawings and descriptive matter in which the high velocity gas generates enormous shearing rates on the 

preferred embodiments of the invention are illustrated. surface of the molten stream which transform the Bi 2212 

melt into fine ligaments. The ligaments in the molten/ glassy 

BRIEF DESCRIPTION OF THE DRAWINGS state undergo further shearing and cooling inside a barrel 

. 25 (28) of the noz zle (26). The filaments become long and thin 

In the swings: , and reach complete solidification producin£_£kttS-43<>). 

FIG. 1 is a schematic sectional view of an apparatus Somc oftne melt produces small flakes and nearly spherical 

constructed in accordance with the present invention, for ^ Tne blown material is collected downstream on a 

practicing the method of the present invention; porous c j 2 ^j 32 ) in a vented col lecting chamber (34 ). The 

FIG. 2 is a time elapse, composite view of how a droplet M blowing nozzle (26) is a modification of the nozzle in U.S. 

deforms under the influence of the gas stream in a barrel of p at No 4,828,469. The modified nozzle is here designed 

the blowing nozzle; specifically to accommodate the thermal and fluid charac- 

FIG. 3 is a graph plotting, the inverse of the LaPlacc teristics of the Bismuth-based superconductor melts; 

number against the Weber number for droplet breakup namely, to match the viscous behavior and cooling charac- 

mechanisms; 35 teristics of these melts. Furthermore, the new nozzle is 

FIG 4 is a sectional view of the nozzle constructed in designed to bring the high velocity shear layer in close 

accordance with the present invention; proximity of the droplets so that fine fibers are stripped from 

FIG 5 is a partial sccticual view of *e «*. on an tlZ^^TT^^l K£ 

enlarged scale, diameter ratios in the range of 1.000 to 10.000. The pro- 

FIG. 6 is a schematic view with portions removed of the duced fibef {$ vcfy flcxibk and rangcs in ^ameter from 1 to 

preferred embodiment in accordance with the present inven- 1Q (m) with lengthg of about 25 10 50 m^^ers. 

tion for practicing the method of the present invention; ^ noZ2le {$ opefalcd at sup ersonic speeds and with a gas 

FIG. 7 is a photomicrograph of fibers produced with supply (36) of air sufficient to produce pressures between 10 

heated fiberization air, 45 and 20 psig for best results. Of course other gases may be 

FIG. 8 is a photomicrograph of fibers produced with employed, for example, steam, argon, nitrogen or helium, 

ambient air; FIGS. 9 and 10 show the effect various gases have on the 

FIG. 9 is a photomicrograph of fibers made with argon fiberization process. FIG. 10 shows how helium gas makes 

gas; and better fibers with less waste than argon gas. 

naiOisaptotomiac^ *> ***** P rcscnt invention addresses one of the major 

^ obstacles facing the development of hi^-temperature super- 

• * conductors; namely, the problem of hrittleness. Most of the 

DESCRIPTION OF THE PREFERRED materials produced from HTSC powders exhibit poor 

EMBODIMENTS mechanical properties and therefore cannot be used reliably 

ss in commercially-useful devices. In addition, these materials 

Referring to the drawings in particular, one embodiment nave on j v been produced in simple shapes, such as small 

of the invention shown in FIG. 1 comprises an apparatus pieces of wire, tape and thin film and methods of mass 

generally designated (10) of producing a flexible fibers of production are still lacking. The flexible fibers of the inven- 

superconductor material (30), in accordance with the ^on reliably be made on a mass production basis using 

method of the prevent invention. ^ the gas jet blowing technique. 

Bi 2 Sr 2 Ca 1 Cu 2 0^ (Bi 2212) mgh-tcrnperature supercon- Th e major advantages of the present invention are that: 

ducting material in powder or pellet form is melted in an the fibers formed from the HTSC material are very flexible 

alumina crucible (12) using an electric furnace (14) of the which permits the formation of rope and other forms of fiber 

apparatus (10). bundles which can be flexibly shaped into useful 

High temperature superconductor (HTSC) precursor pow- 65 applications, such as for motors, generators, transformers, 

ders which are blended, calcined and annealed by external magnets, power lines, levitated trains and medical imaging 

vendors are melted in an alumina crucible utilizing an systems. 



01/07/2004, EAST Version: 1.4.1 



5,759,961 



5 

Long slender fibers are an attractive shape for a super- 
conducting material because they can be combined into a 
superconducting-normal metal composite having an enor- 
mous overlap area for current transfer between fibers. Also 
the 1-10 micron (urn) diameters and length-todiameter 
ratios of L000 to 10.000 of these fibers are ideal for the 
development of multi-filamentary superconducting wire. 

Although the present invention has been described in 
terms of Bismuth 2212 HTSC material, fibers can also be 
produced from the Bismuth 1112. lead-bearing Bismuth 
compounds and other non-bismuth-based materials. Newly- 
developed and existing superconducting material could also 
be suitable candidates for the production of flexible fibers as 
long as they possess the appropriate thermal and fluid 
properties for good fiberization. 

Returning now to FIG. 1. the apparatus (10) includes an 
insulated sleeve of high temperature refractory material (38) 
which contains a central passage (40) in which the crucitye 
(12) and collar (22) are positioned. This chamber is sur- 
rounded by a heating coil (42) which is connected to an 
electric power supply (44). for heating the crucible and 
collar to the melting temperature of the material in the 
crucible and above. An inert gas such as argon is supplied to 
the crucible to protect the molten bath from reaction with 
oxygen. This maintains the melt purity. 

A temperature sensor (46) is advantageously connected to 
the crucible (22) for sensing the temperature of the crucible, 
and a pressure sensor (48) is connected to an inlet chamber 
(50) of the nozzle (26). A converging d eflector or dfcc {5 2) 
is positioned within inlet chamber (50) for deflecting the air 
supply (36) downwardly in the direction of flow (24), far 
transforming the stream droplets (20) into ligaments which 
solidify in the barrel (28) and form fibers (30). While air is 
used for the fiberizing gas in this example, it is understood 
mat other suitable fiberizing gases include and are not 
limited to steam, nitrogen, argon, helium, or any mixture 
thereof. 

A collecting air or gas supply line (54) also directs air or 
other gas against the collecting cloth (32). This air is vented 
from the collecting chamber (34) through an exhaust (56). 

In practicing the present invention, it was found that the 
temperature of the superconducting material in the crucible 
must be raised up to 100° above its melting point to ensure 
that the melt is sufficiently fluid to flow through the opening 
in the crucible (12). Only after the higher temperature range 
was reached, was a plug (not shown) in the opening (16) 
removed to initiate the stream (18). 

It was also important to investigate droplet formation. 
There are several distinct mechanisms for droplet breakup 
depending on the value of the Weber number (We) and 
LaPlace number (La) which are expressed by 

1) WeKp fl U 2 D)/o 

2) l/La=u 2 /opD 

p a is the air density. U is the local air velocity, a (sigma) is 
surface tension, p is melt density, u is melt viscosity and D 
is the diameter of the undisturbed droplet The Weber 
number is the ratio of the aerodynamic force to the droplet 
surface tension and the inverse LaPlace number is the ratio 
of the viscous force to the surface tension force on the 
droplet. 

The manner in which liquid droplets disintegrate is found 
to depend on the range of the Weber number as shown in 
FIG. 3. For Weber numbers under about 10 there is no 
breakup; between about 10 and 25 there is a bag mode; 
between 25 and 50 there is an umbrella mode; between 50 
and about 1000 there is a stripping of ligaments from the 
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periphery of the deformed droplet; above 1000. atonuzation 
begins. Ligament type breakup is desirable for fiber produc- 
tion because it yields more fibers and less shot FIG. 2 shows 
the ligament mode breakup. For this reason, the liquid does 

3 not solidify until the last stage where filaments and shot of 
the high temperature superconductor are formed. For 1/La 
less than 0.01. ligament formation and fiberization requires 
a Weber number in the range of 70, and the effect of the 
LaPlace number was found experimentally to be small as 

J0 shown in FIG. 3. For inverse Laplace numbers greater than 
0.01. the Weber number must be somewhat larger to achieve 
fiberization. 

According to the invention, in addition to reducing the 
viscosity of the melted superconducting material, down to 
about 1 poise at the superheated level, it is also important to 

15 utilize a nozzle (26) of particular dimensions and design 
which have been found to be critical. 

Referring now to FIGS. 4 and 5. nozzle (26) is structurally 
similar to the nozzle disclosed in U.S. Pat No. 4.828,469, 
which was mentioned above, however a careful selection of 

20 the relative dimensions and positions for the elements of the 
nozzle are critical to forming superconducting fibers that are 
flexible and which also have the desired length-to-diameter 
ratio. The nozzle is designed specifically to accommodate 
the thermal and fluid characteristics of the Bismuth-based 

25 superconductor melts, namely to match the viscous behavior 
and cooling characteristic of these metals. The Bismuth- 
based and other high temperature superconductor material 
have a relatively narrow fiberization temperature window 
due to the sharp change of melt viscosity with temperature 
compared to glasses and alumina-silica melts. Therefore, the 
nozzle of the present invention is placed in the vertical 
direction immediately beneath the furnace to prevent the 
melt stream/droplets from cooling before they reach the 
blowing nozzle (26). 
Furmermore. the nozzle of the present invention is 

35 designed to bring the high velocity shear layer of air in close 
proximity to the droplets so that fine fibers are stripped from 
the melted superconducting material as illustrated in FIG. 2. 

Returning now to FIGS. 4 and 5, the various dimensions 
which arc illustrated in the Figures have been found to have 

40 the following optimum values, for making flexible fibers of 
superconducting material having the desired characteristics 
set forth in this disclosure: 



Bute] mode inlet diameter 


a = 1.25" 


Bane] inside outlet diameter 


b = 1.60" 


Barrel length 


c = 13.80" 


Barrel bore taper angle 


d = 0.73" 


Disc inside inlet diameter 


e = 2.00- 


Barrel outside inlet diameter 


f = 1.61" 


Disc inside outlet diameter 


g = 1.102- 


Disc axial length 


h = 0.844" 


Disc mrnimum annular outlet thicXne&S 


i =0.040" 


Axial overlap between disc and barrel 


j = 0.140* 


Radial annular gap between disc outlet and barrel 


k = 0.034" 


Air chamber inside diameter 


m = 2.09" 


Axial length of barrel m air chamber 


n = 1.67" 


Chamber axial length 


o = 1.82" 


Minimum annular gap between disc and barrel 


q = 0.02" 


Radius of barrel inlet end 


Rl = 0.09" 


Disc inlet passage radius 


R2 = 1.50* 


Disc outside radius 


R3 = 0.344" 



60 



Of these measurements, the most critical is the minimum 
annular gap q of about 0.02" which has been found to be 
particularly instrumental in achieving the fibers of the 
desired characteristics. The other dimensions are also impor- 
65 tant 

Next, referring to FIG. 6. mere is shown another embodi- 
ment of the present invention which is similar to the embodi- 
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raent depicted in FIG. 1 with the following modifications. because they diminish packing density in rmcrofilamentary 

An inert gas line (82) connected to a supply (not shown) composites which lower their superconducting performance, 

provides an overpressure of a gas like argon to protect the It provides the ability to produce flat, thin flake along with 

molten bath of superconducting material from reaction with the fiber which can be used as a filler between the fiber 

oxygen. A pipe (60) attached to a supply of gas (not shown) 5 matrix. It reduces the moisture content in the primary air 

is connected by way of a T connector (62) to heater (64) supply which is harmful to the fiberization process, 

situated at one side of the collecting chamber (34) and to a Although the heated rtfimary air supply was developed for 

secondary gas supply nozzle (66). Nozzle (26) is connected raising the yield of superconducting fiberization, this heated 

to the heater outlet via line (36') so that the nozzle (26) is ^ j s applicable in the manufacturing of ceramic fiber which 

supplied with the heated gas. The heater (64) should be 10 should also increase the yield of that material, 

capable of heating a gas in a temperature range from while a specific embodiment of the invention has been 

between 150° F. to 750° F. As mentioned earlier* suitable shown and described in detail to illustrate the application of 

gases include air, steam, nitrogen, argon or helium. tnc principle of the invention, it will be understood that the 

Gas at ambient temperature may be optionally directed invention may be embodied otherwise without departing 

opposite nozzle (26) to provide a gas cushion at the bottom 15 from sucn principles, 

of collecting chamber (34). A fine mesh screen (68) is . f claimcd ^ 

positioned across the bottom of collecting chamber (34) to j ^ apparatus for producing inorganic fibers, 

assist in the fiber collecting process and to prevent any comprising: 
debris from blocking secondary nozzle (66). 

The secondary gas supply nozzle (66) assists the fiber 20 a A*™"* containing a heating space; 

collecting process by blowing the completed fibers up and a crucible having a hole for discharging a stream of fluid 

away from the products of incomplete transformation which material, said crucible being positioned in the heating 

include spherical shot particles and flakes which are col- space of the furnace; 

lected on screen (68) for recycling and/or disposal. a nozzle positioned below said crucible for receiving the 

Alternately, the bottom of collecting chamber (34) may be 25 stream of fluid material and for receiving a primary 

hopper-shaped to facilitate collecting and recycling the flow of heated gas for transferring the stream into 

products of incomplete transformation. broken up ligaments, said nozzle having a barrel 

Similarly, a f an (80) rnay be en^loyed to direct or pull the through which the ligaments fall and solidify into 

discharged fibers to the collecting filter (32). In this manner, inorganic fibers; 

a costly fiberizing gas such as helium may be recycled after 30 ft hcatCf for hcating fo c primary flow of gas supplied 

the discharged fibers are removed by the collecting filter directly into said nozzle; and 

(3 A moisture trap (70) and oil filter (72) are preferably a 00 situated t0 recdve * e mor * anic 

positioned in the pipe (60) outside the collecting chamber ^ A . * ^ , . . . - , 

(St) to remove c^tarninants from the gas supply. Gate 35 2 ' "^ed apparatus as recited in claim 1. further 

valves (74) and regulators (76) in pipe (60) are employed for comprising. 

isolating and regulating the heated gas system from the a mter collection chamber for gathering the 

ambient gas system. A flow meter (78) may be utilized for inorganic fibers; and 

accurately measuring the gas flow. means for directing the inorganic fibers to said filter. 

The initial step of the fiberization process involves having 40 3. An improved apparatus as recited in claim 1, wherein 

a gas such as air flow going through the circulation heater said heater heats the gas to a temperature ranging from 

(64) at about 100 standard cubic feet per minute (SCFM). between 150° F. to 750° F. 

The electric heaters are then energized and the outlet air 4. An unproved apparatus as recited in claim 3. wherein 
temperature is adjusted to match the type of material that one the heated gas is a member selected from the group con- 
intends to fiberize. The temperature range can fall between 45 sisting of air. steam, nitrogen, argon, and helium. 
150° F. to 750° F. Once the heater (64) has achieved steady 5. An unproved apparatus as recited in claim 1, wherein 
state, the load is charged into the crucible (12) above the the heated gas is a member selected from the group con- 
nozzle (26). Within a few minutes, molten droplets (20) exit sisting of nitrogen, helium, and argon, 
the bottom of the crucible (12) through the crucible tap hole 6. An improved apparatus as recited in claim 1, wherein 
(16) and enter the top of the fiberization nozzle (26) where 50 the heated gas is a member selected from the group con- 
the droplet is passed through the high velocity heated air sisting of helium and argon. 

stream, 7. An improved apparatus as recited in claim 2. further 

As evidenced by FIGS. 7 and 8, the use of superheated comprising means for recycling the heated gas after the 

injected gas provides the following advantages over ambient inorganic fibers are gathered on said filter, 

gas. It provides the ability to regulate the primary gas 55 8. An improved apparatus as recited in claim 1, further 
temperature in order to match up with a specific type of comprising means for removing contaminants from gas 
superconducting compound. It reduces the size of droplet supplied to said heater, 
feeder balls to a minimum, which in turn increases the 

quality and quantity of the fiber. Feeder balls are undesirable * * * * * 
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ABSTRACT : 

PURPOSE: To simply and easily form liquid drops of a 
uniform distribution by 

forming the spray outlet part of a device for shearing and 
spraying liquid by 

generating supersonic jets of two phases from a closing 
part to the diverging 

spray outlet part to a specific sectional area. 

CONSTITUTION: Spraying gas is subjected to temp, control 
by an element 2 and 

is fed from a gas feed section 1. This gas feed section 1 
terminates at a 

converging part and the position thereof constitutes a 
choke part 102 of the 
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converging and diverging nozzle. A liquid feed section 3 
is also controllable 

in temp, and is disposed orthogonally near the choke part 
102 of the nozzle 

100. Various parameters, such as the shape and size of the 
spray, the feeding 

of the liquid and the position of the spray, are affected 
by the relative 

positions thereof. The diverging part 103 of the nozzle is 
so formed as to 

satisfy equation I ((where, M = the ratio of the velocity of 
the gaseous flow to 

the velocity of sound, r = the ratio of the specific heat 
of a two-phase 

gaseous mixture) between the area A in the downstream part 
of a selected 

distance and the area A* of the throat part of the nozzle. 
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